WO 95/ 3403¥g 95/34037 This invention rel ates tpci/pesddesisd of
geophysical 5 prospecting. Specifically, the invention involves a

met hod of processing seisnic data using parallel processors.

The search for subsurface hydrocarbon deposits 10 typically involves a
mul tifaceted sequence of data acqui sition, analysis, and

I nterpretation procedures. The data acgui sition phase involves use of
an energy source to gener at e signal s which propagate into the earth and
reflect fromvarious s WakThew715wreercted
signal s are recorded Byt — i@ lgbdWcar the
surface of the earth, or in afgw,% akl ter. The received

signals, which are often rererred ' TTaces, consist of
anpl i tudes of acoustic energy which vary as a function of tine,
receiver 20 position, and SOUETRLD OSF { I INVENTION I nportantly, vary

as a function of the physical properties of the structures from whi ch

the signals reflect. The data analzst uses hese traces along with a
geophysi cal nodel TaideiRYeptign re aFﬁﬁgEOOFh?heﬁg%gsgffQgepﬁﬂﬁﬁﬁélc

SUructures  PospectilS, Neluale plsss | ARl YEsenLeaaduss WRLCY Vary

dependi ng~on €~ of € g€o ructure I'nvesti gat ed,
and on the chpsics@ bl bescebsing g8isnet data using pazallel

processcrs.

The search for subsurface hydrocarben deposits

10 typically invclves_a'multiﬁacet@d sequence of data
acquisiﬁi@ﬁ, avalysis, and interpretaticn praceduieg. The
data acquisiticn phase involves use of.ag energy. source to
generate signals which propagate intc the earth and
reflect from Varibus subsurface geoclogic structures. The

15 reflected signals are recorded by a multitude of receivers
on or near the surface of ﬁhé earth, or in an overlying
bedy of water. The received signals, which are cften
referred to as seismic traces, consist cf amplitudes of
acoustic energy which vary as a function of time, receiver

20 p@Sitien; and source positicn and, m@st'impartaﬁtly, vary
as a function of the physical nroperties of the structures
from which the signals reflect. The data analyst uses
these traces along with a gecphysiecal model to develqp an

image of the subsurface geologic structures.

25 The analysis phase involves procedures which vary
depending on the nature of the geological structure being

investigated, and on the characteristics of the dataset
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- 2- WQWEH937 | n general, however, the purpose of a tyFRCIAISISNO6555sei snic
data processing effort is to produce an inage of t he geol ogi c structure
fromthe recorded data. That inage I s devel oped using theoretical and
enpirical nodels of the -5 manner in which the signals are transmtted
into the earth, attenuated by the subsurface strata, and reflected
fromthe geol ogic structures. The qualiT%’of the final- product of the
data processing sequence is heavily . dependent on the accuracy of these
anal ysis proggduEes. in dfneral, hBRetbRal tpBaparbeskher Bl @Lpigiati on of
the anal ytic results. Specifically, the interpreter's fask is to

assess the seismictdabhi phosebsingacéfbytr dsatboprddposi g imager efpresent,
t hereby ai ding such decisjions,as et her addi t.i qnal expl oratory
drilling is*WarP&R 8818rsﬁﬁHFt3ﬁeYEr8ﬁtFHﬁnFﬁ?&FgEQrg@ﬁareCEW@Fy1§@§ﬁhrio
may be. | N {hakeve1op8aSaaEHE Enebl8LLBLE BRA! Bhip921001! HBdTROBL Ryl ves a
variety of different  erforts” For example, the I nterpreter often

st udi es 5t hemanngedineshith theobighalanare trandeistaddiagcothiehe regi onal
subsurface geology. This 20. naé I nvol ve narking mai n structural features,
such as eapth satsgREpEAdsbYnBhansrbprréaceTrEraspy epndareflected

or el m narvesof e adcsteber Lol BLebe BRL! BRI Aor. cpesplagaUent oter

of continuousTy Ori ZONs acr 0Ss

secti ons, V#wdﬁetrefathenaa@é bhecegbihgt segtiehed fisuhkswingy al so occur.
As is clearly understood in the art, the quality and accuracy of the

results of dépendentasdnl yhesaccupacy ofietbesenhradygdenprocedulres .a '
significant inpact on the accuracy and useful ness of

10 The final phase is the interpretation of the analytic
results. Specifically, the interpreter’s task is to
ésseéé the extent to which subsurface hydrocarbon deposits
are present, thereby aiding such decisions as whether
additional exploratory drilling is warranted or what an

15 optimum hydfocarbon recovery scenario may be. In that
assessment, the interpretation of the'image inﬁolves a
variety of diffefent efforts. For example, the
interpreter often studies the imaged results to obtain an
understanding of the regional subsurface geoclogy. This

20 may involve marking main structurallféatures, éuch.as
faults, synclines and anticlinés. Thereafter, a
preliminary contouring of horizons may be performed. A
subsequent stép of continuously tracking horizons across
the various vertical sections, with correlations of the

25 iﬁterpreted faults, ﬁay also occﬁrﬁ As is clearly
understood in the ért, the quality aﬁd accuracy of the
results of the data analysis step of the seismic sequence
has a significant impact on the accuracy and usefulness of

the results of this interpretation phase.
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principle, the seismc inmage can be devel oped ~.using a

t hr ee- di nensi onal geophysi cal nodel of seismic =~ wave propagation,
thereby facilitating accurate depth and azi mur at hal scaling of al
reflections in the data. 5 Accurately-gpecified reflections greatly
sinplify data interpretation, since the interpretational focus can be
on the nature of the geologic structure involved and not on t he

accuracy of the ERaEEINGHPofrukbfeBpismicedmage Gareks sieye GRYhysi cal
model s freq#%gﬁéyar%ﬂ&ééq‘ﬁ%@n@ﬂ%&hﬁf%&%@h thﬁS%@ﬁéT'éf’ééfgﬁﬁ and

seism c ana _ are rorcedto si a processi‘ng Sfort as
much aswh9es brcpalatiestyCe e bl Faend itlathielh svtinede ddgth and and
cost. I'n addition to the three dinmensional conputation 15
chal | enge, ahémuthr}sschddsg efprddessifigotdlomme in thehalatenge. For
exanple,, a i cal data acqui,sitio .exer ci se ., i.nval,ve hundreds to
mundr eass of MERuGeRRAY specitiad -Bhiecr Bt Sriaely Bl Aboa: i on
havi ng IHBdEES R cak 16RCC k1 Gel QER! L1 AtRrrRRRAIRMAC ERAUY in

receiver pa?r na% nakela vaﬁunge contribution to the g%siregg%é¥but

i mage, the dhtanhande of thedgeolegichatructuputimadived datd doansi er
demand) can be a burden in itself, independent of the conputation

bur den. the accugpsyi PLfisbe fASPst s Urd@s thHnat@®iYoaltiiFassed several 25

di fferent agp Lgﬂgggﬁgéo ggi@?’%&%%éﬁﬁ; w{c@%il%e%ei%é@%r&t% recuirxlée.se bur dens.

These approathes ie e=pr _ _ el 1 nemner in which the
dat a acppi. saht@%e&mgd $éng conmputtatiiencdiaRe,Cand ediwic ndlrdte
assunptions nade uring the data analysis effort. |In both cases, the

WD 95/ 34037are forced to simplify the data procesplnguedFiasss® much
-4 as possible to reduce the burdens of both analysis time

and cost.

In addition to the three dimensional computation

15 challeﬁge, the analyst faces a processing volume
challenge. PFor example, a typical data acguisition
exercise may involve hundreds to hundreds of thousands cf
source locations, with each source locaticn having
hundreds of receiver locations. Becausé each scurce-

20. receiver pair may make.a valuable contribution tc the
desired output image, the data handling léad (i.e. the
input/ocutput data transfer demand) can be a burden in

itself, independent of the computatien burden.

Seismic data analysts have historically used several
23 different approaches to directly or indireectly manage
these burdens. These approaches relate principally to
either the manner in which the data acquisition exercise
is designed and carried out, or to the_assumptiéns made

during the data analysis effort. In both cases, the



qual ity ytput of the data interpretation procedure y._be
dlreCt|ngP?§ ‘gd These approaches are nost easily d|§EEQE%§&%#P
conjunction with Figure 1, which depicts a perspective view of a
region 20 of the earth for 5 which a geophysical inmage is desired. On
surface 18 of the earth are shown a nunber of shot lines 2 al ong which
the seism c data are acquired. As shown i Figure 1A shot lines 2
consi st of a sequence of positions at which a- seismc source 3 is

pl aced and fromwhich seismc signals 10 5 are transmtted into the
earth. Recemn%ﬁxtquﬁab@d outputal ohgtracfiatanénterpirebat henspgoakdufreom:

each source osjtion aft reflection fromvari ous subsurface
refl ectors &Y bé)éirect ?f%ﬁﬁ% é TRP8H 2PPYRagheR  8LedPRERsi ona

volume 15 o stﬂey E‘ﬂééhssé& iF &85 &E?&@e?ﬁwléﬂab 568L0R, ZinbgKe any

particul ar shape (e.g., a cube or a par al } wever, for ease

of referenceie;&ldtssmipéﬂ%p@ctdimnﬁimad:f a regbdmlrres QE| thbeeéztﬁl fakt er

referred to as "cubic. A first nethod of managing the seismc

dat a buréené\’@@%%cﬂ%@i@&h’%\m% image ves desired. dePrnpurdacef 18hefr egi on

over which t coui Si LEi S I cal ly,
Ly r# o & ol g|c°E shb gl%%%pﬁyg%eﬁg ﬁﬁ%s

use of any a zﬁla e pre ary geo mat i on

may facilitag tdeismic rﬁé\ié"éﬁé'@&;@irécﬂ'e SMéfélﬁ&nﬁrﬁﬁ PY?ﬁr&hﬁ.ﬁt‘ sei snic
data 25 nmay need to be acquired. Such a mnimzation w directly

reduce the @mmntligfesia cconmist sofilaiseqeenyce of pegitieds &urwhéchoee,
simlarly careful, pl annin of th S bet ween shot |ines
optim ze t oL Duee Lrid iaged FRY, HERAvELeh) Srceminasiotarey, g

gg}}ggg bggggre\@}éﬁgﬁ¥ggga into the earth. Receivers 4 placed

along each line receive the signals from each source

position after reflection from various subsurface

reflectors 6.

In Figure 1, region 20 is a three-dimensional volume
15 of the earth. It is not necessary that region 20 have any
particular shapé (e.g., a cube or a parallelepiped).
However, for ease of reference, all such three-dimensional

volumes will be hereinafter referred to as "cubic."

A first method of managihg the seismic data burdens
20 discussed above involves careful definition of the region
over which the data acquisition exercise is carried out.
Specifically, use of any available preliminary geologic
and geophysical information may facilitate the
minimization of the surface area over which seismic data
25 may need to be acquired. Such a minimization will
directly reduce the amount of data that is ultimately
acquired. Furthermore, similarly careful planning of the
spacing between shot lines will optimize the analysis

effort by reducing data volume. ' And finally, optimizatiqn



of the nunbwosaBsmsour ces and receivers which are used, and pcTAKSSHE3SS
spaci ng between adj acent source and receiver positions, will also

- benefit the data anal yst. _ " None of these efforts can be
~acconplished without a 5 penalty however. For exanple, relatively w de

. spaci ngs bet ween shot |ines, or between sources and receivers,

. reduce the resolution of the conputed seismd€ inage, thus maki ng

i interpretation nore difficult. In addition, conpl ex geol ogi c features

- may not be resolvable wthout 10 relatively clase spacings. And finall

' certain data 8 ggﬁu??@%?ﬁnggxgkaggg,agﬁc%eéglyﬁrﬁewﬁﬁF§eﬁyeuH@?ﬁPo
~areas, do not @fleweoag»aamgt b8Bwekn! BAjaHEHRCRoAKER ANEM receilkch data is
- to be acquired. - As a resulf, the data handl i ng burden cannot be
“entirely elimpasetiohspughliiabdstSbeangfiisi thendpbananajyst. Met hods
of minim zing the conputational burden are often i npl emented during
data anal ysis. One comonly I n gked technkgue I nvol ve %fe of a

t wo- di mensi onal NgagpRYsFEgPenBdePr S 8FER e RENBFEOMPL 1R witkout, &
signals 20 ¢ fo s .S degRi.c Satr LOg. p .
directly bé%ea?ﬁﬁgﬁgysgg%%?ﬁg°ongaﬁi%%QW§$e§o%%%étE?§gg hﬁa@T%@%?lPﬁg
signal is assupedwberpshpagalifesndepebdentenf§ sourcest ant- peard veeesl,0gi C
structures. This sinplifying . assunption allows use of two dinmensional
geophysi cal 25reddeestha rrpeolrtgengeficEhei 6AMPREEEsseigrdc image wahus
known, two di mensional_anal vsis. procedures.can he nuch pol
conputationall@a %@gc%gﬁﬁrp%ghaFﬁ?éeﬁ§%%e§%F6ﬁﬁpit' gﬁaﬁégggl§P6cedures.
WO 95/ 34037  complex geologic features may anot bBCHeH830aB625%ithout
- 6- Limtations to the two di nersional analysis assunption
exi st howelfer . reavivgily sloset epeciage.r akptly finallyif cevérnint data

tion may therefo d to Lnaccurate

di nensi onal ; that issung ge \ Le ﬁh éy“

specified i magB§IH BiEiHBCKPTCI-BSPs BUGH Bgnépahpiaﬁﬁg 1Yo PIEHR 155 0gi ¢

structure beingreas, do not allow optimization of the surface area over
which data is to be acguired. As a result, the &ata
handling burden cannot be entirely eliminated through data

i3 acquisition planning.

Methods of minimizing the computaticnal bgrden are
often implemented during data analysis. One commenly
invoked technique involves use of a two-dimensicnal
geophysical model. Forlexample, in Figure 1A, the signals

20 for each source is depicted as traveling in the plane
directly beneath the shotline on which the scurce lies.
.Thus, the signal is assumed tc propagate independent of
out-of-plane geclogic structures. This simplifying
assumptioﬂ allows use of two dimensicnal geophysical

25 models in the image geﬁer&ti@n process, and, as is well
known, two dimensiocmnal analysis procedures can be much
mere computationally efficient than three dimensional

analysis procedures.



|nvest|93%8?§mﬁﬁ; anal yst usually does not know the extent_ . t 0. whi ch

that ima error. In addition, because each pl aReTP89541a815y zed

i ndependent |y, the interpreter nust tie the images for each plane to
each other by 10 interpolation or other simlar interpretative nethods if
a - continuous inmage across the entire cubic region is desi red.
And finally, sone conplex structures, QQQh as faulted regions and salt
features, cannot be accurately anal'yzed nmerely by use of two

di mensi onal net hods. 15 Because of these and other limts which
have | ong doimst tratl s s sthe tad ad bnehySénal t agaPesisl eum i ndustry
has typically been an early user of newy devel oped high . speed

‘conput er hBSARERELOY SakFt haveeker atfonlegic stregtipaenaraasabetyme
avai l abl e, ; l.ysl s t | . | npl emrent, ful ly three. di-nensional
anal ysi s c&?;%qeﬁ'i et{svp& dﬂr_? a%%rg%bzn@“%gs%%%h?? Tl%’éd.gﬁ?\ﬁﬁ P¥fel ess,
'S not ld&&ﬂﬁﬂﬂﬂhéé&uﬁaﬂﬁuﬁléﬁé&if&&&ﬂﬁﬁﬁgééﬂESBééaﬁﬁé'ﬂY@E?@dién
conpl ex anal yses, often invol ving weeks or nonths of actual processing
time. 25 generdlly rkivwm ot dihalgedlgoid stwstvetry haingl el

processors ,offers, a significant opportunify to seisnmc ~ data anal ysts.

Massi vel y &ﬁ%ﬁﬁ%ﬂgﬁﬁﬁé;a 59??#%%% ?ﬁﬂ&;f& é;?ﬁn??$ﬂ¥9%%n?kﬁle%F%EE;s!ng
uni ts (CPUgo WHich G AN 1 5 in St ANCRHSa SOIPHLA! | DGau BY ef i ci ent
use of these WO 95/ 340 - - T :

PCT/ US95/ Oeamh plane is analyzed independently, the interpreter must

it

tie the images for each plane to each other by - ‘
10 interpolation -or other similar interpretative methods if a
continuous image across the entire cubic region is
desired. Aand finally, some complex structures, sach as
faulted regions and salt features, cannot be accuratély

analyzed merely by use of two dimensional methods.

15 Because of these and other limits which havé long
constrained seismic data analysts, tﬁe petroleum industry
has typically béen an early user of,newly developed high
speed computer hardware. As each new generation of.
equipment has. become available, analysis routines which

20 implement fully three dimensional analysis capabilities
have become more commonly used. Nevertheless, it is not
uncommon for significant computer times to be involved in
'complex analyses, often involving weeks or months of

actual processing time.

25 The recent availability of massively parallél
-processors offers a significant opportunity to seismic
data analysts. Massively parallel-proceSSOrs (MPPs) have
multiple central processing units (CPUs) which cah perform

simultaneous computations. By efficient use of these



t he Wﬁgi&ﬂ% nont hs previously required for conpl ex egfﬂ’pgsznssg can

be reduced days or perhaps a few hours. Howev

significant advantage can only be realized if efficient conputational
al gorithns are encoded 5 in the MPP software. Thus, the opportunity MPPs
of fer seism c data analysts also creates a challenge for the

devel opnent of suitable conputational  algoyithns which t ake advant age
of the multiple CPUs. L Thi s challenge can- be easily di scussed by
considering 10 the nmanner in which conputational algorithnms have npst
commonl y beerchts; tine foeelexi ot i ngnsks sprevacagiyi sequiredufbpegompekl
recently, conputers relied on a_node o operation referred to as
sequential CcHRARYIRS SRYURAt Faflucec e@nﬁu?@hgdﬁﬁﬁol9§SP§§@aE$ &népytic

[outines whi G pet O ydder 0L Y18, 51001 24 DLACOQUL £ BLePELARR LOGYS o1 2

single ta“or I Ven

direct resul tr@élﬁzé@np@teﬁf@yeﬂe @ezhpu@aez.éﬁall af@briﬂﬁ*‘rs arel 88868ed! he.
only optim zation procedures which can be enpl oyed on single CPU

conput er s Sar eln Hose Mﬁ@cﬁ@fﬁ@&@&se ?nuSth@heftppneﬁupﬁby MBBspoffersi ng as

to the procedurge or e Because all cal cul at st ultimately be
perforngd by &%fr=f™ %ﬁr@ﬁ%@(ﬁ%ﬁ %Qﬁv%ﬁsotﬁeeﬁﬁ?goﬁscgﬁﬁﬁeﬂge %BFarﬂ?ng hth

per f or mance ?%é%ﬁi%g?ﬁ%ﬂ%Ps g%%fgable c%@?utaﬁfoﬁﬁe 81%8&193&9 , whilgnmul tiple

CPU capabi | i ers an o ous simul'tangous conputatlon
advant age. takdhidvanyame agf thetdmalcipbetOpPuk.tinme required to solve a
conput at i onal probl em can be reduced by subdividing the work to be done

anong the various CPUB rovided that the subdi vi sign_al | ows each CPU
to perform useful Tt ?$%1 tenge c@@)?%/%ﬁ%%$y discussed by considering

PCT/U895@@65aéhe manner in which computational algorithms have most
| cemm@nly been written for existing seismic analysis
routines. Until receantly, computers relied on a mode of
operation referred to as sequential computing. Sequential
computing invelves use of analytic routines which perform
15 ornly a single procedure, or perhaps fccus on a single
subset of the data or image, at any given time. This is a
direct result of a computer having only omne CPU. For that
reason, the only cptimization procedures which can be
empleoyed on single CPU computers are those which increase
20 the efficiency of the proceasing as to the procedure ox
subset. Because all calculations must ultimately be
performed by that single CPU, however, the options fcr

obtaining high pverformance are innately limited.

On the cther hand, the multlple CPU capability of
25 PPs offers an cbvious simultanecus computation advantage.
This advantage is that the total time regquired to soclve a
computational problem can be reduced by subdividing the
work tec be done among the various CPUs, provided that the

subdivision allcws each CPU tc perform useful work while



- 8- %@M her CPUs are al so perform ng work. Unfortunatel t he

di sadvali® mul tiple CPU hardware is that the 9%’89555
processi ng nmet hods whi ch have | ong been used in softmare devel opnent
nmust be replaced by nore appropriate 5 parallelized conputing mnethods.
Sinmply stated, MPPs require that processing nethods be devel oped which
make eff|C|ent use of the nultiple;CPU hardware. |deally, t hese
met hods shoul d organi ze the distributioh of work relatively evenly
anong the processors, and ensure all 10 processors are performng
necessary th&pothﬁkoﬂ@U@land=also pdnfdﬁmﬁmglwnﬂkﬂ‘tﬂnﬂbﬁwuﬂéﬁémy

I nternmedi ate results from processors. The challenge of

defi ln: nlg phhgl FdFpiyansagee oS Wltlpl%&%d@rdéﬂlfﬁiﬁl)fl%mhaﬁ zﬂhﬂght hose
. t t
paraflell zgg Eghtﬂggﬁ %'}%%ejs% ql%f I“{é%%. 3,5121 uasva(rg é%/?é—fggliﬁeﬁ%l?usde ggismec
|

dat a geessi ng arena Fsm C | ar ge
nunber of Baﬂtwad'éaldebéd@@ﬁlenﬂza‘ﬁﬂsﬁ:e%r &%@1&@&/\@ more e Of the

other traces. Logically enough, sequenti al conputing et hods mhlch
requi r & t hpazaaileliced0 coopus ing bethiodsed Simplyi rsgiae:as:b,l MRE® ion at a

time adapt anal SIS of ce This is
true even FﬁgﬁéﬁeCShﬁ%tEFPSﬁ Flﬁgtﬁﬁgﬁﬁgfkkﬁhégaﬁ pe 5|§315L npl e,
portions oéfmelaael yl%b_co&fe%%n%&l 1eC@PY Bardwars aty

conmputation tinme than ot her pOI‘tIO@ r?ust arbgacorrp etd%]béﬁgre ot her
caIcuIat|onhesaympthodsdshouldaprganlzeetmeomnsunﬂbmtﬂdnndf(kﬁﬁkew ot her
traces, for ex traveltines. Since no sinultaneous conputations

occur in relaEéHGéHt Pé(?n&ﬁ’oéé‘é’élﬁn& e BFOCEESOFEse W6t EnEvEllead to a ’
reductipn LB.6aERYLR! LeAAketbifli AR heWelladyS iRt S ons a11 WE 95/ 3403

the time, rather than awaiting intermediate results from

other processors.

The challenge of defining parallelized processing

methods, and of optimizing those parallelized methods once

15 defined, is particularly acute in the seismic data -
processing arena. Seismic data consists generally of a
iarge number of individual traces, each recorded somewhat
independent of the other traces. Logically enough,
sequential computing methods which require the analytic

20 focus to be placed on a single calculation at a time adapt
well to analysis of these independent traces. This is
true even though computational bottlenecks may exist. For
example, portions of the analytic sequence may require
relatively more computation time than other portions, must

25 be completed before other calculatiéﬁs may proceéd or may
rely on similar input data as other traces, for example
traveltlmes Since no 81multaneous computations occur in
sequential processing, none of these bottlenecks lead to a

reduction in computational efficiency with a single CPU,



-O- eXeeBEsfR7t 0 the total processing time which is req'ﬁc‘m‘ﬁﬁg — And
except as to that total tine requirenent, the exi stence 0O suc%

 conput ational bottl enecks does not ot herwi se pose problens for the

+ anal yst. To take full 5 advantage of MPP conputing capabilities,

i however, where the goal is to perform simultaneous processing in al

. CPUs, nethods for optinizing the seisnic agal ysi s phase by el imnating
"~ such bottlenecks nust be devel oped. Thi s advantage of an MPP

' becones cl ear bé considering 10 the limtation which calculation time

- places on i ma§¥CePt REgLentIE; Eotrls Prgceserpgc tripet ef.chAd ot repiizeddf t he

- image increas xa y.expanding the size of cube 20 in Figure
1, or the anﬁ%%g %g&ggfaggotge“§é605§§5ﬂ_%lm% FERAEEN N “anpl e by
- addi ng addi ti @Rebreadeces sushdcbhout8edonals Hherkq o3/ 92?E§%355%$e total

. computation tine is directly Tengthened by the nu _ tiona
i ndi vi dual Oth%EWiEEaPGSQSPIOB&QMSdEnecth@namaﬂysm.caH@quMEDEumﬂnE

- places a heavy. burden on_seismc analysts to optimze i mage si ze,

- especi al | si%%%a%%@ﬁesﬁglﬁbénﬁa@Pﬂséﬁsn§aﬁé§liet16@quh@@@ﬁ@@ksw&exe

comutation tEKE GBaVeR BepRLEBER! gimy1 BREEN.RCRIRLLA A 960230

. conputers. In conhirast, ent processing=on ( y have

. as nmany as orCPUs, mathoﬁéaﬁo?5ﬁptmﬁiz&ﬁgabhﬁpgéismﬁﬁuhﬁa&&%&s‘@H@é@eby

- mninally |engtheped conputation tines, since each CPU 25 would assurte
just a fracti®htMiRRtERgnBren1potbleseckremust bgddevednpedwor k required by

. the larger region. This: potential for scalability of the !na?ebreg}pn
. and the work I r Lred Ln_kmpge.ggneration is _a_pgincipal, benefit
. of MPPs, a benefit %cﬁag%ﬁ“%ﬁ%yoggggegﬁfz%ﬁnges “ieﬁb ¥ §858dering

f PCT/ US95/10655%the limitation which calculation time places on image

| region size in single CPU corputers. As the size of the
image increases, for examp by expanding the size of cube
20 in Figure 1, or the amount of data to be processed
increases, for example by adding additicnal sources 3 and

15 receivers 4 tc shotlines 2, the total computatica time is‘.
directly lengthened by the number cof additional individual
caleulations. Thaé direct impact on calculation time
places a heavy burden on seismic analysts tc optimize
image size, especially since even small image regions May'

20 require weeks of computation time on even the highest
speed sequential processing computers. In cont:ast,
efficient processing on MPPs, which may have as many as or
more than 256 individual CP@S, should only invelve
minimally lengthened computation times, since each CPU

25 would assume just a fraction, for example 1/256, of the
additional w@rk required by the larger regi@n,' This
potential for scalability of the image region and the work
load required in image generation is a principal benefit

of MPPs, a benefit which can only be realized if



-10- el ized seismc processi.ng nethods all ow ng such
wor ki oagvggsg;f@?i lity are devel oped. Basi ¢ consi g‘éT’HF?%%SSf or
determining efficient paral l el i zed seismc processi ng nmet hods becone
evi dent by 5 reconsidering the above review of the seismc analysis
process. As noted, the purpose of seismic analysis is to anal yze
nmeasured seism c data using geophysical gpdels to devel op i mages of the
~subsurface. Therefore, each of three principal processing conponents -
data, nodel, and 10 inmage - may be considered to be candidates for

di stributi maredaitizmedreiswik pnoressing eetloods allPwdRESSQERE i n an MPP
One option for(g%ﬁrib ti.ng work anong the processors would be to

assi gn di f MEFEH abilifyy 13%e i IRNR1Renic trace data to different

processors. 15 For exanple, traces may be grouped by source | ocations,

with different WG5S U RRIFHEASS FI5d U r ; Simlarly,
the output inmge could beléubdivided and -Eéfﬁéiﬁ%#e%9€%ch???erent
processor s pamalillels zeab e didmic praresmimymettibds dsescns @&5A&H s woul d
be, for_exanple, 20 as tgldifferent surface positions in the output inage
or 3 deﬁteﬁqné"déq. g dhe /e FYVIAV iof drhastseismig |gnalysis  nay al so
be possi bl di W g ' l.._..used to generate the

out put ina gb%ﬁ't%(%bgr\élfg?lr%sé%Mi CE @r@sémog"g Saeslssfr&]h%aa?%ﬂf%%svh?%%s

processor s anhdNgizemadelsured ze igaiiey ddts apisideresbiys e eriogi £ £ the

arithnmetic operations required by the mathemati'cal nodel which is the
“subj ect of deNelppodavgesy off the submunrfiegel e Therefimemi ceach ofinal ysis the

mat hemat i c hrm)del S .o%ﬁgn rbased .0n t he wave equation), For exanple, '
the data may B¢ EFARSTEATeSONE 5109 WOTRINERTS, - data, model, and

10 image - may be considered to be candidates for

- distributing computational work among the various

- processors in an MPP. One option for distributing work
among the processors would be to assign different groups
of the input seismic trace data to different processors.

15 For example, traces méy be grouped by source locations,

- with different processors being assigned differeht'groups.
Similarly, the output image could be subdivided and
assigned to different processors. In this case, the
groupings and processor assignments would be, for example,

20 as to differén; surface positions in the output image or
depth locations of reflectors of interest. Finally, it
may also be possible to subdivide the geophysical model
used to generate the output image into groupings which can
be assigned to the various processors (That model is

25 generally considered to be embodied in the arithmetic
operations required by the mathematical model which is the
subject of the processing effort. For example, in seismic
analysis the mathematical model is often based onpthe wave

equation). For example, the data may be transformed into



the frequensyssiyess N, Wi th individual frequencies assigned perawiskessss

I ndi vi dual processors. It nay also be possible to devel op conbi nati ons
of these approaches. For exanple, groups of processors nay be assigned
collective 5 responsibility for specific frequencies in the nodel and

all depths in the inmage, while having individual responsibility for
specific horizontal locations in the -i1frge. The challenge to the
seism c-data analyst is to determ ne net hods of subdividing the seismc

data, nodel, 10 nd inage i_nt o conponents whi.ch can be assigned to

i ndi vi dual prbBBsEEPEURRCKHECRPRR. t HEShabPahvAgual Lreguencissoasaigned
performed in gach_REQG r ' endept 0 her pr ars. This
subdi vi si on OT& &n@é§§§§§§ ggggegﬁgﬁ%éisignb%yi%&%§i§ﬁa o%%ﬁ%%ﬁ%%%% is 15

comonly ref edeedlbp asmbehatiendcognphestl @Bproaches. rohf esdagifielse of
an MPP requires nore than nere subdi vi ding of the seisnc data, node
and i mage groupsnefit PracRescrs mayubBerssigned codAgctdyesi derations

nmust be tgken_into account if. the resulti aral l,el 20 _processi.,n t hod
'S o of f ot cREPHORBuBLL T tepter| AoaRiiic (PsileReide, 4t cAs gPoe] &ad
consi der ati ongy f eiabenaPeai thedlimige, wheibN8ay¥3hguenaalauhati ons invol ved
In seismc anal ysis. - For exanpl e, as denonstiated in Figure 1A a
sei snm c daeapensibniisys for apkalfécnhobérontadeilonnat icngndns the 25

wi th each sigpal beiaﬁ associated with ﬁ speci fi c source and receiver
pair. As is wePRIRnowRBENCRREIEPEE tRethe 3¢LERERCEASR ABESYREd1& §fal s at

each 1 ecel veralergs el SechoakBel Bl IHORY Oho! BEUEELLONSLL et

possi bly | arge n ubSurtace re ors. Processing’o

WO 95/ 3407 and image into components which can BeTaW8ighe8dte
-12- portions of all traces for devel opment of any specific
portion of théndivpdualnpyecraponst ipethen¥PE, &dve allowfihgetive, however,

since all trace% milkanot %nngeneral dcgntrib te to all portions of the

i mage. As a rRuf¥ at59%8erg -ﬁ_gﬁgﬁ?gpg géﬁeﬁ%?ﬁypsﬁggﬁﬁg a fixed region

surroundi ng t{eaPRehaeAL2Y bRCotABYCHRELREsERERU! @l sO8hbdivision of
seismic data analysis into individual components is

15 commonly referred to as seismic decomposition.

Efficient use cf an MPP requires mo;g.than mere
subdividiﬁg of the seismic data, model and image
components however. A number of additi@nal considerations
must be taken into account if the resulting parallel

20 processing method is to efficiently use all C®Us in an
MPP. These additional considerations relate specifically
toc the unigque calculations involved in sgeismic analysis.

. For example, as demonstrated in Figure 1A, a seismic
dataset consists of a Llarge number cf seismic signals 5,

25 with each signal being associated with a specific source
and receiver pair. As is well known in the art, the
sequence of received signals at each receiver represents
the time history of reflections from a possibly large

number of subsurface reflectors. Processing of all



the traces within that region, referred to as the aperture, are used to
comput e YREB#EGe. To ensure that all inportant data PSTMUSPSesss] f Or
the i mage conputation, 10 the aperture is usually conservatively specified
to have relatively wide dinmensions and is invariant with depth

within the inmaging region and with source-receiver offset.

Unfortunately, this conservative approach |eads to I nefficient use of

- conputer resources. For exanple, the 1512ﬁropagation path for a given
source-receiver pair and a specific reflector. my be such that the

received sightions oPCS&ULStRhcas! 8be ééﬁé!ébméhﬁeofAhh?rQﬁEEX?&E’ the
sl ope - of the reflector may be such that the signal-fo-noise ratio
of the recadomiicn gphlthe owtphti thage maycoatrbbutém@0ort aoshe generation
of the porti of.the imge of princi interest. Finally, conputation
of an i Mg TRt LR hOWERERy: RARPS BL0f CaRPeR ML abPECdAPaTEREES]. Nay
lead to a £ 2B £ &NOYN 1 TBGLAY: Bh bl e f e . toaas_al.bashpg. For
t hese reasdﬁ%? an efficie%t nethoé o? prggégs?ﬁésgéis%?caZEEggggé on an MPP
shoul d Bnclastesmi¢ extl yistes f geneleaklyi spegify at Bexedi segsonperture, such
that those traces which are not, useful to the inmage can be discarded
bef ore si grif4y%rding Hhe cRexeionfPhrthaaimagenbeipandearuredal | Pnlyhe MPP
WO 95/ 34037, o - . . - 13- processi ng aperture
shoul d atIEﬁﬁnt %f%?f?ﬁ% }%nt% td%%?ﬁon’ r%%ﬁrggﬂrﬁg-?ﬁcéﬁﬁer of fset.
An addi ti ongleunsd dedvd | @fed Nt SetShipet@nghySifage. T8l 8heSrbOorfgepUtation
and storage of traveltime or 5 velocity fields, one or the other of which
is a requirsdd important data hés geephimedafonoteé iwhage cempsedtiongonput e'
an hhmage fromthe data. | eneral ,_sejsm ¢ anal ysis . Joutines
cal cul 40 TS RIS (17 PRALRY | FRIPSETRhLYe by SoeCTried bt haves
acqui red, Wdhaulvdl ¢affidN diihd 08 &8s { £nd 01 s R RLL afib e dBh 8gERERESPONdI Ng
to specific portions of the _

within the imaging region and with source-receiver offset.

Unfortunately, this conservative approach leads to
inefficient use of computer resources. For example, the
15 propagation path for a given source-receiver pair and a
specific reflector may be such that the recéiﬁea signal
occurs at a late arrival time. 'Alternatively, the.slope
of the reflector may be such that the signal-to-noise
ratio of the received signal is insufficient to contribute
20 to the genération of the portion of the image of principal
interest. Finally, computation of an image from some-
combinations of all available data traces may lead to a
well known imaging problem referred to as aliasing. For
these reasons, an efficient method of processing seismic
25 data on an MPP should include a teéhnique for determining
the seismic aperture, such that those traces which are not
useful to the image can be discarded before significant

processor effort has been expended. Idealiy, the MPP



fields w |lwoasfzesstr t he i nage. Furthernore, because |arge PCTANIRIESS
menory resources would be required to retain the cal cul ated fields,
seism c anal ysts frequently reconpute the fields several tines on an
as needed basis during the 15 inmage generation process. Although this
pr ocedure m nm zes nenory usage, the penalty is a sl ow ng down of

the i nmage generation process due to the f¥ldguent reconputations. As a

result of that penalty, seismc anal ysts often minimze the size of -

the region to_bpe 20 .i as,.to.mni.mze field reconputati eeds
auring. O i nagpsse il 4RestSelRusnad A aRRel B A A0 e of 4R
processi ng sehsfl Sotda-9Rcel viPPoFFal-d m nim ze the menory storage
requi renents of the traveltinme or velocity fields, while also allow ng

efficient reconputations of 25 the necessary values by each CPU only as
and when requPneaddditional comsiclersytioretimodeismisn eraslgiais seisnic

dat | linmited as to.simult tat| bilities.
Speci 11 cal |y, “GHAF§St $OgERBRAICAT HPerB BEOZ3RE Cife © Ve DR 1037

PCT/ US95/ 06559e10city, fields, one or the cther of wifich is a S.c%'%ﬁ"ffeéiata
prior to processing, ‘for exanple, into common offsets. Therearter, the

processi ng pr aapdur es zhe gecphyaiciaddmapdel Bidabsds tusesi oefomiite tam
performall processing for each common offset separately fromthe 5
processi ng of iBa58c&H6Mm thef datd . prlfoLSeReradet REISWisc &palysismn a single

conmon OffSEtr%htin%%nﬁal%ﬁia%%rE%%gba%ields fcr the entire region from

which data was acguired, without a determination as to

10 whether the data correspcnding to specific portions of the
fields will affect the image. Fuxthérmare, because large
computer memory rescurces would be reguired to retain the
caiculated fields, seismic analysts fregquently recompute
the fields several times on an as needed basis during the

15 image gemeration process. Although this procedure
minimizes memory usage, the pénalty is a slowing déwn of
the image generation process due to the frequent
recomputations. As a result of that penalty, seismic
analysts often minimize the size of the regiom to be

20 imaged, so as to minimize field recomputatiom needs during
imaging. ' For these reasons, an efficient methed of
processing seilsmic data on an MPP should minimize the

- memory storage reguirements of the traveltime or velccity
fields, while alsc allowing efficient recomputations of

23 the necessary vaiues by each CPU only as and when

required.

Prior art methods of processing seismic data are also.
limited as to simultanecus computation abilities.

Specifically, analysts generally prefer to sort the



necessar, L nput, storage, calculations, and rec | as t
t hat ofﬁggggéa?zr to initiating subsequent of fset ca?%&#%?%@ﬁgf >

However, this approach is 10 an inefficient use of conputer resources,
because such i nput data as traveltines are thereby required to be
re-input for each offset. For that reason, a method or processi ng
seism c data allow ng sinultaneous prQggssing of nmultiple conmon
offsets (i.e. two to four minimun) is 15 desired. Such a nethod woul d
reduce overal |l processing time and cost by reducing repetitive
.Anpﬂ]/ out pseibhi6) data ﬁate'mndtp Droceissicly iR SXATRYE SRR CAMRPR ency.

not her constraint on_the design of efficient ala | j.zed met hods of-
processi ngo§EFskEe dAPLT -%§FE§ o B§QH%§%ﬁ5%uBr%§%#¥$%§J%ﬁ%y wi th which

comuni cat g0, hELWEEE  peclPHe AR i1 QELEREHIG RYY igdiarcaim de] ces, such

as di sks _ tape drives, i1s carried out. Although the goal is to
have the ngkbiekeiGBUEcapesali rpmianidffmiusepanately fromcthar that
except in a few unusual cases sone anpunt of 25 data shar.i g

conput &t | oproyeesiog oft isowsegnert offsefde RAQE Rdgdheh } 8‘#0?‘% net hod

0p o By Rasarassucomin rGar e G, U Bk PTG aost aned

di"Vvi s1 on -arfd assi‘gnnent net

;g%“urggls Ogggig%sla‘%\gplda%fa GRPUH %ﬁy@,wdﬂeﬂ\%s: , anD 95/ 34037

: recalculations as to that offset prior to initiatin

subsequent offset calculations. However, this approach is

10 an inefficient use of computer_.resources, because such ‘
input data as traveltimes are thereby required to be
re-input for each offset. For that reason, a method or
processing:seismic data allowing'simultaneous processing
of multiple common offsets (i.e. two te.four minimﬁm) is

15 desired. Such a method would reduce overall processing
time'and cost by reducing repetitive input/sutpu:_(I/O)

demand, and thereby increasing analysis efficiency..

* Another constraint on the design of efficient
parallelized methods of processing seismic data relates to
20 the manner and frequency with which communication between
CPUs and from CPUs to peripheral devices, such as disks
and tape drives, is carried out. Although the'goal is to
have the multiple CPUs operating simultaneously, it is
clear that except in a few unusual cases some amouﬁt of
25 data sharing or computation synchronization‘may'be |
necessary. Regardless of the method by which the'seismic
data, model or image are subdivided and assigned to
individual CPUs, if the subdivision and assignment method

'requires a high level of communication among the MPP



system s cowpessss, whether CPUs or peripheral devices,: P D8sdidRss

performance will be limted. Therefore, an efficient nethod of
processi ng seismc data on a -parallel processor shoul d maxi m ze the
conput ati ons that can be 5 performed with a m ni num anmount of

I nt er conponent communi cation. And to the extent that sone

I nt er conponent communi cation will alwags be required, again except in
a few unusual cases, an efficient nethod of processing seismc

data on an MPP will ensure that individua onents are _not forced

. 10 co
to spend a si FWFTEBNE SHBETRSRES, “ °eFﬁn€ QggﬁiﬂﬁngﬁvlppﬁyﬁﬂydﬁViFﬁﬁ sdat a
or the |nstrucé@% ;ﬁéﬂéquLﬁgﬂcéO&lii beei&mEBgBUta%hQEeEBrQe 8 rried

out . tCan. be seen thaf an

met hod of pr00§§§i@g@ﬁflﬁﬁthodabﬁ ﬁﬂuﬁéﬁﬁih@|saiﬁmﬁﬁsdaﬁa @ﬁ a8pa@aa&é&d
Preferably, the nethod should allow the conputations in the seismc
anal ysi s phas@¥eceRsor SW@%%@n%@%é@l?ﬂt§h§0ﬁ9@H§E@§lﬁﬁ§cﬁhéﬁncgﬁ B&si gned

to th - i ndi vi dual VPP, Wit & cdat
contr i buti fg BT RraCkeer S hintauh ndfhe Bt IolB2caRpRlEge T R ey
i ndependent | y dépinhlCaiss! cgﬁaownﬁ:ﬁ.e exbent bhaﬁeﬁéﬁéosh&b@“o@bﬁ%ﬁta”d

processor assignnent schene shoul d be easily scal eable to datasets of
varyi ng size, vommummmakhunlwlbbta@waysybalrequ&nedcoagamateaaapﬁwmnkaoad
to be bal anced anong all process i f such, a_bal ance is

desired. The Wm%ﬂ%ﬁ%%+dc?ﬁ% ud%ntﬁgf%ﬁbﬁﬁFlmF§h?9 9§r?xe°ess%ﬁg si ze of
the analysis ?&éﬁ@ﬁié@g ShO %dﬁpb%%%;, enBbPLMLASH ih@!%@mgi and

.velocity field reco I on an _ rage requirenen nally, the
met hod shqgl d @éh@bﬂ@nts aré@ netafoyeesd bolap@ﬁd anplikho gt phcdamauhtansf er
time_waicing cr livery of the data or the instructions

required for t. axt cocmputation te be carried out.

From tr= for' :ing, .- can be seen that an improved
method of ¢ sess 3 seiémic data on parallel preccessors
15 1is regquired. Preiferably, the method snould allow the
computatlons in the seismic analylls phase o be
decomposed into component: which can be assigned te the
individual processors in the MPP, with the seismic data
.cantributing tc the processing objective of each component
20 relatively independently from the cther éomponents. The
~ decompositicon method and processor assignment scheme
should be easily scaleable to datasets of varying size,
and should optionally allow the computational workloa&.to
be balanced among all processors, if such a balance is
25 desired. The method should include the capability to vary
the size of the analysis aperture, and provide for
minimized traveltime and velocity field recomputation and
storage requirements. Finally, thé method should involve

a relatively balanced input/output data transfer



WO 95/ 3483 05734037 PCT/ US95/
- 16- requi rement for each conponent, w th such transgg?ﬁ%§ymsss

substantially i ndependent of transfers involving other conponents. The
present invention satisfies these needs. SUMVARY OF
THE | NVENTI ON 5 The present invention is a nmethod of processing
seismc data on parallel processors, pgferably on a massi vel y
paral l el processor (MPP). The nethod provides for deconposition of the
subsurface anal ysis cube associ ated with either a geophysical nodel or
an out put rsgunmg@mtntf@rhmcibmompmth stiitdesuahi diransferssi gned to

i i zat i BROBF SR RINoar P SR Se ey & 2ROt vy S"chs o

anal ysis tag %onbh%% 1 nehRaghdGent 1d¥€ﬂf¥&niéﬁ"§fﬂég 't g analysis
poi nts on eac slice specifies the locations at whic res are
conputed. The traveltine fields reqU|red for processing of the seismc
data are al so deconposed i niSUMMARY : with traveltine

“slices |nterspersed anDng or si nul taneous with the depth slices. Each

travel tj ne slic% | S _assi Hg .a_grid of travegv%ne points. To reduce
travel t3 ne data EFOP&&@eP q&P AP 5o th MERL REYRESS1Ing gl j ces and

the traVGlEEﬂEm@E'QﬁtﬁaBnWBEEaQQQQS%E%cessors, preferably on a
massively parallel processor (MPP). The method provides
for decomposition of the subsurface analysis cube ‘
associated with either a geophysical model or an output

10 image into horizontal depth slices which are assigned to
individual processors. Decomposition into horizontal
slices allows for maximization of the number of processors
which are assigned to analysis tasks, thus increasing
overall throughput. A grid of analysis points on.each

15 slice specifies the locations at which results are
computed. The traveltime fields required fof processing
of the seismic data are also decdmposed into horizontal
slices, with traveltime slices interspersed among 6r
simultaneous with the depth slices. Each traveltime slice

20 is assigned a grid of traveltime points. To reduce
traveltime data storage requirements,.both the traveltime
_sliceé and the traveltime grids can more coarsely
subdivide the aﬁalysis cube than do the depth_élices and
the analysis points. Traveltimes required for each depth

25 slice are intequlated from the two closest traveltime

slices.

A variably-dimensioned aperture is used to minimize

calculations involving seismic traces which do not affect



subdi vi de t@@ #mabdrsi s cube than do the depth slices and PCTASSoR/BedsY S1 S
points. Traveltimes required for each depth 25 slice are interpolated

~fromthe two closest traveltine slices. A

- vari abl y-di nmensi oned aperture is used to mnimze cal cul ati ons

~involving seismc traces which do not affect WD 95/ 34037

- - 17- the analysis results for individugagl- anal ysis points. The
di mensi ons of the aperture may be a function of analysis poi nt

| ocation within the c both Lateral dept h, and al so _of

A ] -.th-r
o foet " wn 1 nPEE SRS P EaTEaR IR E 1%32Pgb§ﬁ%mﬁm@L&§&sr@G&H@ﬁed Toe
each depth S"aemaaglaﬁ pu820che apkdtl3bANGE HCMRLECRIANARY dDEd 1 Lach
a ep Sl ces

processor. In a erre | ment, equal AUNBEr
may be asp@@ﬁedmbeaeaeh ﬁﬁﬁhensehe hnbeebbathﬁnét%taagy and g tinme
data |nput/output requirenments. Traveltine fields are preconputed

in cube formtdesEh, an@aé&sprﬁﬁepfhﬁﬁhreféneﬁ@étﬂ@éappmﬂﬂﬁﬁtﬂW@ ofr fedee of
t he dat |t|o and, asrequired during,processi are
transferre g%ﬁ%i g@g g rgaggrﬁgfgpre&ae§ gerga 1% cFe@FVé%% USES age
sequence fr0"1@@9Ba§Qﬁ@€ Hﬁéswékk&éﬁﬁ h@s%?ne@'sﬁ kAch pEBERSEcEMIY a TO
optimze traveltime storage requi rements, absolute traveltinme val ues

are stored forpreferpatlyesbhedimenicabnwekhiadf nuhbetrr efedeptd slliees may

associ at ed with each traveltine reference_location. _Traveltines for
ot her Iocat|oﬁ@elﬁs?%gﬂﬁﬁbgea?§c§tSF?QeﬁﬁoﬁacF@Grﬁ@ynﬁﬁmﬁ§lfwlngncrenentaI

ravel times releheasednboshbaseralEgbtiur rekliyghentlus reducing

travel tine storage require r OX1*ma fty percent.
Preconput ati on of traveltlne val ues speeds the overall processing
effort, ari® avoids Traveltime fields are precomputed in cube format for

each traveltime reference location on the surface of the
data acquisition cube, and, as re@uired during processing,
are transferred through a staged, also referred to as a
tertiary, storage sequence from high speed mass storage to
15 disk to processor memory. Te cptimize traveltime storage
requirements, absolute traveltime values are stored for
only one vertical wall of the traveltime cube associated
_with each traveltime reference loccaticn. Traveltimes for
other locations in the cube are stored in packed format as -
20 inecremental traveltimes referenced to those absolute
values, thus reducing traveltime storage reguirements by
approximately fifty percent. 2Precomputation of traveltime
values speeds the cverall processing effort, and avoids
the repetitive reccmputation constraints of prior art
25 technigques which would otherwise lead to a more
restrictively-sized analysis cube. During processing,
older traveltimes are replaced in memory by newly reguired
traveltimes using a least recently used replacement |

algorithm which alsec speeds processing. Processcrs



t he repew(%%ayﬁ 57ecorrput ation constraints of prior art 25 techniques which
woul d ot Bet i 487 ead to a nore - restrictively-sized anaPGEVSISHESSS.
During processing, ol der traveltines are replaced in nenory by newy
required traveltines using a |l east recently used repl acenent

al gorithm whi ch al so speeds processing. Processors : WO 95/ 34037

PCT/ US95/ 06555 _ . -18-. dedi cated to
travel tine data input/output tasks ensut®” timely availability of the
~travel tine data. The net hod provi.des for analysis of seismc

data deidigrat esbrttce d vt inde datsd efgshitsahspet t ¢ 268s 0dh d,rdNe 5
sorted order, sequence is optim zed by use of a sinulation whi ch uses
anal ysi s p&itie ldodVdiinakis iy o ttdif fhxaveHelme datsai snic source and
recei ver trace data. The sinulation all ows conputation of traveltine

data access statmsti . : t rder, and for,resorting if
desired, 10 the?ggy“%%gﬂqﬁq%§%§%é§nﬁ§¥(égaﬁ%éiﬁr1 VU E PR der to

satisfy prespeg & edrepd Hreklrd OF U RHIPARF seildifid aStHde datdf Pe
simulation is the sequence in which trace data are transmtted to the

MPP, whi chseztess crdesugiequenssorid opt igtimpst hmasestal ayes srelienten of t ape

15 _nenor his attribute of the present invention

~to disk towﬁfrio?lessor ¥’§’
al | ows G MFESdERAS 15 PR T ARt ahP S Rk T3 Qi raei whe
trace dat agah@mitARYdetdnid AR i3Rd! ¥Siag: fc%%%ssmﬁaé”gei Lhe
corresponding traveltine data are al so avaﬂoa e. By elf]rarﬁln%rfi ng
i neffici enaliepst compatartdos efs tafavieladmed @data Arddaundane a4l sk
st or age, o¥eral t hroughput is maxi m zed. '
or the sorted order, and for resorting if desired, '
10 thereby providing a method of updating the sorted order to
satisfy prespecified optimization objectives. The result
of the simulation is the sequence in which trace data are
transmitted to the MPP, which occurS'through a second
staged mass storage séque'nce of tapé to disk to processor
15 memory. This attribute of the present invention allows
for I/0 demands to be minimized by ensuring that seismic
trace data are transmitted to the analysis processors when
the corresponding traveltime data are also availéble. By
eliminating inefficient repetitive transfers of trace data

20 from tape and disk storage, overall throughput is

maximized.

During analysis, groups of éeismic traces are
transmitted to all analysis processors. Each processor
determines whether the traces affect the aperturé for each

25 analysis point on the depth slice assigned to that
processor, and computes the corresponding analysis result
if within the aperture. This attribute of limiting .
calculation to only those traces which have an impact on

the analysis result minimizes both the time and cost of



During analygiessegdiOuUps of seismic traces are transm ttegdd.

anal ysi s processors. Each processor det erm nes whet her the tracesg5
affect the aperture for each 25 analysis point on the depth slice assigned
to that processor, and conputes the correspondi ng anal ysis result

if within the aperture. This attribute of limting calculation to only
t hose traces which have an inpact on -itghe analysis result mnim zes
both the tine and cost of WO 95/ 34037

PCT/ US95/ 06555 - 19 - seismc

processi ng. TAGLEBAFi Byocessiag.f y Thiee agidityr &0 specify then@pexntwre dept h
and offset is_an_i Qyenent .o th rior, art. . The net hod
can be used t%gcgngﬁhﬁ%%gﬁb 'cé%éFg ang c%ﬁ%@@s%Fn53a%m3ﬁ92§mﬁﬁﬁn92?r

wherever. hori ggat gkipkageg.i n an image or a nodel can be independently
assigned to I ndi vi dual processors or groups of processors. Exanples
I n which an i mage can be subdivided into horizontal planes i ncl ude

prestack Kirchhof f Thenme&hgddepnhbei gead ¢co. computik melilsofifc Wdattani ques do

oL oA 1 L SEL kLSl 30000 xenRR slalllosl 20T LR e Lmge, ol Tow
oo cs rop G A6 BAR REASIERAAS) R ARAY, LB 1o 100
finite differtndévidualeguaceesors or groups of processors. Examples
' in which an image can be subdivided irto horizontal planes
include prestack Xirchheff time and depth migraticn.

10 Kirchhoff technigues do not require direct interaction
anong depth slices in the image, allow traveltimes to be
partitioned intoc depth slices, and invoclve input data
which contribute independently to the image for each
slice. Examples for which a model can be horizontally

15 subdivided include finite difference wave eguation
modeling and reverse-time migraticn by £inite diffezences,
since such modeling regquires minimal exchange of data

between adjacent depth slices.

20 The present invention and its advantages will be more
easily understood by reference to the folleowing detailed

description and the attached drawings and tables in which:

FPigures 1 and 1A schematically illustrate the data
acquisiticn configuration typically used in two

25 dimensional seismic exploration;



nodel ing and reverse-tine mgration by finite differences, -~ = since such
nodel i n§'°r9éffd?3r7es m ni mal exchange of data bet ween FETHLHO6HEpt h
slices. BRI EF DESCRI PTI ON OF THE DRAW NG AND TABLES 20

The present invention and its advantages will be nore easily :
understood by reference to the follow ng detail ed description and the
attached drawi ngs and tables in which: Figures 1 and 1A
schematically illustrate the data ’égduisition configuration typically
used in two 25 dinensional seismc exploration; WO 95/ 34037

PCT/ US95/ 06555 Figure 2 depicts a simplified func®@onal block Figure 2
depicts a sinplified functional bl ock . diagram of a parallel processing
syst em on viilagrae efi @ paralhed processing ayshgm: he phdsbnsedsmticd nay be
per f or nmed,; ' Figure 3.deppLgts_the data i sition cube and depth

5 slice coriGhrBY PERPESIGHE AT G, BESRE RePRbUCs oY B PEgEeamed;
Figure 4 depicts an anal ysis cube subset of a data acqui-sition cube;

Figure 5 depi ct spaghteck depuees ehet BardeRERuSkE €¢onlGubdeapaPagigeon and
aperture specification task of the Setup phase of the present nethod;
Figure 8 deplite econfbgurdtagnaneovhinb thevpkéeept method is

directed;

Figure 4 depicts an analysis cube subset of a data

acquisition cube; , _ ‘

Figure 5 depicts a block diagram of the dépth slice
10 decomposition and aperture specification task of the Setup

phase of the present method;

_ - Figure 6 depicts a block diagram of the traveltime
field specification task of the Setup phase of the present

method;

15 Figure 7 depicts a block diagram of the processing
optimization task of the Setup phase of the present

method;

Figure 8 depicts a block diagram of the Analysis
phase of the present method;

200  Figures 9A and 9B depict aperture boundaries for
typical source-receiver midpoint locations on cross-

sections taken through the data acquisition cube of Figure

3;



field speci WQ@YI4B¥ t ask of the Setup phase of the present $9sle6sss 15
Figure 7 depicts a bl ock diagram of the processing optim zation task
of the Setup phase of the present nmet hod; _ Figure 8 depicts a
bl ock di agram of the Analysis phase of the present nethod; 20

Fi gures 9A and 9B depict aperture boundaries for typi cal
source-recei ver nidpoint |ocations on cros&l- sections taken through
the data acquisition cube of Figure 3; WD 95/ 34037

Figure 10 depicts aps odadspet spacti.ve, Vi f 3 .anal ysi s cuybe
subdi vi ded into dep?%gég%cgg,d%Féﬁeg ah §$§g§ﬁ??n€%%§P§§§lﬁﬁi&P@B@P ed?
anong the depténalyeés; cube subdivEdedr entdAddpRinClliv@esanadixs s point grid

and a 5 traveltinme point_ grid on.a plan view of a typical travel tine
slice; travelgime sipcagpinterapprandyamangf thiee depuhdmliiessgf a
traveltinme cube for a typical travel-time surface reference | ocati on

10 Figure 11 depicts eLspective view,of .the | travel ti me cube of
Fi gure 11B; 3EQEFEU$%R1§E %ﬁ%gténaaﬁﬁﬁxsﬁﬁeﬁp3pttﬁ@l%nﬁ@ﬁgéction of

the travel 5 meyeapestiee pSYht! 214l bhB BURhAGEeWChE 8"CGpical

traveltime slice;

Figure 11B depicts a plan view of the boundaries of a
traveltime cube for a typical traveltime surface reference

location;

16 Figure 11C depicts a perspective view of the

traveltime cube of Figure 11B;

Figure 12 depicts a plan view of the intersection of
the traveltime cubes for four traveltime surface reference
locations surrounding a typical source location on the

15 surface of a data analysis cube;

Figure 13 depicts the exploded perspective view of
the analysis cube depicted in Figure 10, with all but the
surface, the'basement, two typical traveltime slices and

cne typical depth slice removed for graphical convenience;

20 Figure 14 depicts typical source-receiver offset
configuraticns and adjacent traveltime surface reference

locations on the surface of a data analysis cube; andé

Figure 15 depicts typical analysis anéd traveltime
grid peint locations on depth and traveltime slices, as

25 are imvolved in vertical traveltime interpolation.



| ocat i ORspp 64/34p81'Ndi Ng a typical source |ocation on the 15pcHydspeessof a

data anal ysi s cube; Figure 13 depicts the expl oded perspective
Vi ew of the anal ysis cube depicted in Figure 10, with all but the
surface, the basenent, two typical traveltine slices and one typica
depth slice renmoved for graphical convenience; 20 Figure 14 depicts
typi cal source-receiver offset confizgur ati-ons and adj acent traveltine
surface reference | ocations on the surface of a data anal ysis cube;

and

gure 15 depicts tgplcal anal ysi s and traveltlne grid
poi nt IocatlonsT Hlﬁeﬁtﬁeaﬁ&tﬁrév YPiLee sPF@@Elea§ 2theypesignmertd in

Eg&;bggg/o gvgéﬁtﬂeahatEEBQEQE&%a slices"Po3 %&Q§d§?1 processorspin . ¢

depi cts a tM@i peksenanpeehod.t he assignnent of depth and traveltine
slices to individual processors in t he present nethod.
While the invention will be described in connection 5 with its preferred

enbodi nents, itWhile pheuhnuestiden whdid be despribededn eonneatdion inited

theretq On,the.contrar LS i ntended t | | i ves,
Trodi 1 0at i‘BhEp‘ 1£8"PEEEcrkn embrahepletas w11 BE hoeratned Mt i
and SER aelﬁirehheohnxgnhben:Llaiteaf tﬁ%‘:}ela}b t henaRRRNERM tGlaaty15 .5 ¢ 10
DETAI LED DESCRI PTI ON OF THE | NVENTI ON The present |nvent|on is a
met hod of psotesendgd to csvesna&ldaﬂaemnaalpasalmeﬁlﬁn@eea@@s Hmd net hod
may be
equlvalents that may be included within the spirit and

scope of the iriVentipn, as defined by the appénded claims. ‘
ld DEIAILED_DESQRIRIIQN;QELIHE_INYENIIQH’

The present invention is a method of processing
seismic data on a parallel processor. The method may be
employed on any type of parallel.prodessing;computer which
has more than one processor available to pefform anélysis

15 and/or input/output tasks. For example, a Crey Y-MP,.
which has eight processors may be employed. Networked
personal computers or workstations may also be employed.
In a preferred embodiment, the method will be employed on
a massively parallel processor (MPP) having 64 or more

20 pfocessing elements. One example of such an MPP is the
Cray Research, Inc. T3D. For convenience, and not to be
construed as limiting, the abbreviation MPP will be used
herein to refer to any parallel processing computer
suitable'for the present method. However, use of.MPP in

25 that manner is in no way to be construed as limiting
applicetion of the present method to solely those
computers deemed by the commercial marketplaée to be

massively parallel.



enpl oyed o B pe of parallel processing conputer which . e
t han one p?%@e%%@% available to performanalysis 15 -and/or |ﬁ%ﬁ?$ﬁmg%tt

tasks. For exanple, a Cray Y-M whi ch has ei ght processors my be
enpl oyed. Networked personal conputers or workstations may al so be
enpl oyed. In a preferred enbodi ment, the nethod will be enpl oyed on
~a massively parallel processor (MPP) havipngz64 or nore 20 processing

el enents. One exanple of such an MPP is the Cray Research, Inc. T3D
For conveni ence, and not to be construed as |limting, the abbreviation
MPP will be used Thenmeehadtesubdivides hlf@ pmamiel dgtecpggcagswgputer
sui table for th ﬁresent mgthod However ner

in no way to HeFtohst ik OI?%P?Tﬂ%tlally %ﬁ%??%ﬂ??%HLXfp?ﬁgoﬁmggent

net hod to sol ghpaddwse Thls §@§@£&£§§cﬂe§§E§0chéﬂ@eﬁﬂéﬂgécéﬁa PBr ketphace
to be massi vel y parall el

PCT/ US95/ 065551 imitaticn of the metbod I;, he fir@6-phase, depifhednghhod

subdi vi des _th eismc data Eroce55|ng effort into two substantially
|ndependen§ly%$MQQ%r ram IoHRsER Fignzes Hdi @i sFBR Vs PBEUBonveni ence

and Is not a procdiiigtion rﬁ%ﬁ%@&t@ﬁgch Hobige  HEa aBlBgBeodERLE o0

I n 5 bl ockchagram ormi ures

per f or med whl@qunﬂaﬁ5;§§isd@@@@p0§std@ﬁlned h@fe@@,aﬂﬁt&séﬁbéﬁaﬁtléily
defined herein, into substantially hori zontal slices which can

|ndependent|yh@ﬁﬁ%ﬁﬁ%ﬁlcﬁllses which can be independently a551gmed yo

individuval processors of the MPP. This decomp051blon_

10 minimizes both the demand for traveltime data and the
manipualation of those porticns of the seismic_déta which
will not contribute to the fimal output of the seismic
data processing procedure. This phase of the method also
optimizes the transfer of data between data storage

15 hardware and the MPP, thus reducing overall precessing

time and cost.

- The second phase of the method, depicted in Figure 8,
involves the MPP ccmputations which are the objective of
the overall seismic analysis procedure. This phase of the

20 wmethed optimizeé use of each processor in the MPP by
broadcasting seismic data traces to all processors,
thereby allowing each ﬁrocesscr to perform data processing
calculations independent of all Other'processars_ The
result is a data processing method which solves seismic

25 data analysis problems more quickly and in a mcre cost

effective manner than prior art techniques.

Ffor convenience, the detalled description of the

present invention is organized as follows:



i ndi vi dyal processors of the MPP. This deconposition 10 _mnimzes both
the demWPP¥38P57% ravel time data and the mani pul ati on XFT/¥$988€558or t i ons

of the seismc data which will not contribute to the final output of

‘the seismc data processing procedure. This phase of the nethod al so
optim zes the transfer of data between data storage 15 hardware and the

MPP, thus reducing overall processing time and cost. The

second phase of the method, depicted fﬁ4ﬁigure 8, i nvol ves the MPP

conput ati ons which are the objective of the overall seismc analysis
procedure. ThisIphasMaskivkey PAraliiello®repicsdore Rrddd t&fcteRa@h processor in
the MPP by broadcasting seismc data traces to all processors,

t her eby al | owi n§IeacRaproPEesyaEitdope Coafioyaas ignocessi ng cal cul ati ons

i ndependent of of.her proce rs. Th result is a data processing
met hod whi ch so?%és é ? n1€8%§§%g8gta gﬁgFFsis probl ens nore quickly and in

a more cost ef f RCLI VOeBRANGN iRARNA APerfilre! BPRAMIIGURSBtion For
conveni ence, the detail ed description of the - preésent invention is
organi ed as foll owsB. Tra@=354i840Field Specification

PCT/ US95/ 06555 , .. , .. -24- E l.
Massivel y Parallel PFocesBBPCRFEAPPeOPGIRLIZation || pata Acquisition

Configuration gy . patal bk 2 Br 0C8SSH0G ;% Set up A
Depth Slice and Abeftafg gpgg??%cg iongi% Yhis

However, this organiZational'outline is not to be
construed as limiting, but me_r_eiy is provided to simplify ‘

10 discussion of the components of the present metHod.

I. Massively Parallel Processor Architecture

The description'of the present method of proceSsing
seismic data may be simplified by first deséribiﬁg one
15 embodiment of an MPP system on which the method may be
carried out. As depicted in Figure 2, the components of
the MPP system will typically consist of an MPP 100, a
data tape storage facility 102, a high speed mass storage
| facility 104, data disks 106, traveltime disks 108, output
20 disks 110, and a host coﬁputer 112. In a preferred
embodiment, the MPP 100 should be capable of performing in
the multiple instruction stream/multiple data stream mode
of operation (MiMD). This mode of operation allows each
processor to perform different tasks simultaneously and on
25 different sets of data, if programmed to do so. The
méthod may also be advantageously employed on computers
using other modes of operation, for example singlé |

instruction stream/multiple data stream (SIMD). This mode



5 w@%@@m-ﬂr aveltinme Field Specification PCT/USBS/06855

Processing Optim zation V. Data Processing - Analysis

However, this organizational outline is not to be construed as
limting, but nmerely is provided to sinplify 10 discussion of the
conponents of the present nethod. I. Massively Parallel Processor
Architecture The description.ofzg.he present nethod of processing
seismic data may be sinplified by first describing one 15 enbodi nent of
an MPP system on which the_ nethod nmay be carried out. As depicted in
Figure 2, the®€orpexétionohas all w@/qms%%% i tansanslaf Re ARG of

an MPP 100, a t e r age Js:acd .l :g%% iégp pe

storage Fglt?i IS{atﬂm% %@?%%dat%é‘&di S sél%éfe{ﬂr&ave Sierib\é{| |sT<aZ" 1% ou% p]l]?0 20
di sks 110, angud<h®ile ToMusy iblZhil MPIIBiaed s the ergmdi nent, the MPP
100 shoul d be capable of performng in the multiple instruction

stream nul ti prergfestsmesamynsiray Resegradperfnd on WINMND)Ls ThiMINR JEPR{

operation all eac rocessqr ,t.0 rformdifferent tasks

Pt achs! Othed e sysyfrs sndania H S8 d NS Hel@iS caray, oo
The met h %ﬂ%y cﬂé%ﬁ%&&vww]}l a5 ineieh b QOBuE &818i1led H§i NG
ot her nodes of opération, for exanple single I nstruction

stream nul ti pk@edafra .stream (SIMD). This node WO 95/ 34037
PCT/ US95/ 06555

In a preferreé embodiment of the present methcd, the

processing elements (PEs) in the MPP 100 are subdivided

10 into three functional categories. Analysis PEs perform
the detailed computations, and in number comprise the
largest category of PEs in the MPP. Input/cutput (I/0)
PEs are assigned the task of transmitting traveltime (TT)
data from traveltime disks to the analysis PEs. A control

15 PE transmits I/0 access reguests to the i/O PEs and'.
seismic data traces from data disks tc the anaiysis PEs.
The control PE alsc communicates with the host computer,
which coordinates the transfer of seismic data from data
tapes tc the data disks and submits commands for the

20 transfer of TT data from TT mass storage to TT disks upcn

- receiving requests from the control PE. This functional
breakdown of the PEs prcvides several advantages in the
present method over the prior art. First, the analysis
PEs are each prcgramﬁed to perform anélysis tasks

25 substanpially independently of all other components of the
MPP system, except as to the actual receipt of data
required for processing. This attribute, combined with
+he use of tape and disk storage facilities aﬁd thke hest

computer for 7/C and pre- and post-processing of the trace



- 25- - of operation has all processors sinmultaneously performng
t he samwad esz34837 but on different sets of data. An MPP 100pcT/Ussskisabl e for

use in this MPP systemis the T3D manuf actured by Cray Research, Inc.
which is a MMD MPP. 5 Oher MPP systens suitable for processing seismc
dat a using the present method will be known to those skilled in

the art. In a preferred enbodi nent of the present nethod, the
processing el enments (PEs) in the MPP iB6-are subdivided 10 into three
functional categories. Analysis PEs, perforn1 the detail ed

conput at i a } atego of ,PEs in

t he MPP. 4$Enﬂ;@%#%hé%?$/%§goﬁpﬁ % E?EQEB%FQ f %nga8¥l¥?&ﬁsn1ttlng
travel ti mpg Hties Q@t@uéé@”&ﬁéﬁy%élﬂ&sﬂé5k§e&8n&hetﬁéalz¥ﬁt§ PEps A
control 15 PE transmts 1/0O access requests to the I/0O PEs an8 seismc
dat a tracemdennthibs acategsrizat ben abal peogrfised to 13bk €omwarh BB al so
comruni cates with the host conputer, whi ch coordi nates the transfer of

sei snmic dﬁm¥9W¥ﬂﬁcﬁﬁ Ysis tagks §9 REUESt LhAt SRRPEART $abRI B8i8BARands

for thg 2Q T t S upon
rece|V|ng request éi?%ﬁﬁt eg%o%¥%o$f%%? gﬁééug%gcgggﬁggbIl ghggeakdomn of
the PEs presqulicsed averthe astvalySyesPES. t ehis apeesbate nelbedsoger t he

prior art. First, the analysis PEs are each programmed to perform
anal ysi s t%@%tms@%nﬁ%lwd%de@emm@aw are braesfesmpentnts of

t he Mgf:%ﬁg g??rlbu {fathe g@ty@aY%fg tﬁgéﬁdata required

for proces ned sBTof tape and di sk
storage fa&ﬁa{ﬂémﬁ@c@@dté h@ri‘@éitlme @@EUt@ﬁefP}’o|éﬁ§aBan6§er§E€ in q
post - processing of the trace 34037

PCT/ U305/ G8b5mput /output mode 1ndependent of further commgnds from
the control PE. This eliminates anj-requirement that the
individual analysis PE’s communicate with tape or disk
mass storage facilities, whioh.increases.overall system
I/0 reliability and minimizes interference between

15 analysis and Input/Output. Together, these advantages of
the present method facilitate data throughput in the
present method, thus leading to analysis cost and time

'benefits as compared to prior art methods.

Preferably, the MPP architecture 1s such that each PE

20 contains a microprocessor element and random access local
memory connected by high bandwidth data transfer
capability. Each microprocessor should preferably have a
minimum of 64 megabytes of local memory. That minimum
amount wili allow multiple offsets to be simultaneously

25 processed for dataset sizes of typical interest in three
dimensional seismio data analysis (as fﬁrther detailed
below). Local memory within each PE is'preferably part of
a shared memory system under which each PE has equal

access to the local memory of other PEs. This MPP



-26 - xi mzes the MPP' s throughput by I|n1t|ng
PE duti es t§%$§§¥ anal ysi s tasks. Second, the control P%%%Eﬁﬁ@ﬁﬁihls

categorization is programed to | ook forward to upcon1ng anal ysi s
tasks to ensure that appropriate seismc 5 and traveltine data are

si mul t aneousl y avai |l abl e when required by the analysis PEs. This
attribute allows for optim zation of ;t,he order in which data are
transferred to the analysis PEs. Third, once traveltinme data are
transmtted to traveltime disk, the I/O PEs can operate in 10 an

i nput / out put amciei tedepeadetyleof inrwhéchcmemamyscapani £y istphyednaﬂdy PE.
This elimnates any requirenent %hat th divi dual anal ysis PE
communi cat e VF+FEXRPELER aPeRg the ﬁ§§sb§Fo@§§écﬁééylﬁpﬁ€§ fwﬁﬁgﬁwﬁngP@ases

overall systefi winlhQLLeloAOBE! EYooad bl BE28S LLET EELRNERLYMPRA, 15

anal ysi s and ese a vantages of résent

met hod facilitstendaanalPsoeobret (Thikheystem REezefkrietined akhus lb@adl ng
to anal ysis cost and tine benefits as conpared to prior art nethods.
Preferabl ¥, thetempyatyheteft YPR archkithcthae) eacAther tgpesncdi MPPa

m cr opr ocessor and r ndon1acc conpect e

d
D s ot i GEPtuRes . I BEGRTR | RS measnck! BRBELB0 I8P So Bty

preferably haig gyeh vpﬁh nangh@f 1fifle® m@wygmoﬁybezahbgemw oliﬁgt
m ni num anount w | ow nultiple offsets t0 be sinultaneously 25

processedi%wshh&asar exeasagé dgpachy erpeiedtiynphbsérg a medisagesi onal
seism c data analysis (as further detailed
betwéen P 8. The present methcd may be employed orn such
10  mwessage passing systems, although the fequi*event that
explicit messages be passed for data sharlng is generally
more time consuming than desired relatﬁve to preccessor
speed {(Such a system is referred to as a high latency MPP

architecture) .

15 No specific number cof processing elements (PEs) is
required in the MPP teo implement the present invention.
In a preferred embodiment the MPP will typically have a
total of at least 64 PEs. In an embodiment of the present
invention invelving 128 PEs, one contrel PE will typically

20 communicate with 8 I/O PEs and 119 analysis PEs. However,
seismic applications invelving a large subsurface analysis
cube, thereby reguiring a high cemputaticnal load, may
require fewer I/0 PEs and more analysis PEs. Nc maximum
number of processing élements exisﬁs fer imﬁlementation of

25 the present method. Among the considerations to be used
to determine the total number'éf PEg to be included ir the
MPP for implementation of the present invention include
capital ceost, the freguency with'which geismic processing

efforts are expected to be carried cut, and the general



bel ow). Local nenDry within each PE is preferably part of . .a shared
menory sy¥PMB#Ider whi ch each PE has equal access t oPCRAISPHOGEFS menor y
of other PEs. This MPP WO 95/ 34037

-27- architecture style, in which nmenory capacity is physically

di stributed anong the PEs but logically shared, allows for t he
mnimzation of 1/0O access of TT data frqg1the |/ O PEs to the anal ysis
PEs (This systemis referred to as a | o\ 5 latency type of MPP
architecture). Qher types of MP architectures, for exanple, the

nmessage pasakf@rel as thredypes o prede I?? q;&dmerﬁswtvahdrf’%géfio
Hyper cube, may only share or exchange data by explicitly passing a

message exm tPE§>e fﬁﬁ@%r edhesarmcmsd dexp tb'lebmﬂmﬂoyledoa)rwaslll:h 10
nmessage pas t.he reqU|rene licit
nmessages beiﬁgg?e %Po &Eﬁ- Qh&ﬂ:&%f n gherﬁﬁ%} tdﬂ?ﬁn1ng
than desi reﬂc%h%i WeH? RfiQgeHEOused fo?ch:Qﬂw(e%icéh&e %tpﬁlﬂaéé 6Pr§{é ed to
as a high | atency MPP architecture). No specific nu
processifhg pheaset SapREy)siiss PEs.” required |n the MPP to inplenment the

present invention. In a preferred enbodi nent the MPP wi || typlcally
have a total_ of _at | east 64 PEs (ﬁ n enbodi nent of the sent

i nvention invol vithg DOStPEOMEYLET: I Rﬁqqe%yﬁﬁ%ﬁﬂﬁﬂltrac ata

transfers from data tapes 102 to data disks 106 by acting
in a server mode upon rece1v1ng commands from an MPP
control processor. However, the host 112 initially acts. '

10 in an independent mode at startup, so-as to facilitate
user inputs and initialization procedures; The host
computer 112 should be a high speed computer system, such
as a member of the Cray Y-MP serieslof computers,_since
data transfers coordinated by the MPP must maintain a rate

15 . sufficient to avoid computation time delays by the |
processors in the MPP. Use of the Y-MP also facilitates
checkpointing by allowing regular snapshots of the state
of the analysis to be saved, thereby facilitating restart
of the analysis phase if interrupted-before completion.

20 Finally, the ¥Y-MP is also designed to interface with tape
storage components in a more: straightforward, more

reliable manner than are typical MPPs.

Although Figure.z depicts both a host computer 112
and a control PE within MPP 100, it is not a requirement
25 .of the present method that both be present in the MPP
' system. Specifically, in alternate embodlments the
functions performed by the control PE could be performed
by the host computer, thereby eliminating the control PE

completely. Another embodiment of the present method



20 comuni gaf &dehdN 8 |/ O PEs and 119 anal ysis PEs. Homever,p%%?@g#gmc

applications 1nvolving a | arge subsurface anal ysis cub

requiring a high conputational |oad, may require fewer 1/0O PEs and
nore anal ysis PEs. No maxi num - nunber of processing el enments exists
for inplenentation of 25 the present nethod. Anong the considerations to
be used to determ ne the total nunbgé of PEs to be included in the

MPP for inplenentation of the present |nvent|on i ncl ude capital cost,
the frequency with which seismc processing efforts are expected to be
carried out, vould rel ipimateé the host\refp@ues,s and have one or more
PCT/U895/06555 ature of the

types of proé%@%??ﬁﬁ%ﬁgﬁﬁ¥$@?QW?cﬁnaT%e MPP %Q%é@?%@g¥@lﬁg bﬁ%@dtb?hese
consi der at i ong, Y 4 o,f d‘f'éh@ ﬂ‘f’ﬁ%‘?l % é)ﬁ'@sghékquﬁgglbﬂstgf 8hb- h{:gtt he

foll owi ng, the acronym e use conveni ence I n

the 5 phrassrmitedy sis2 PESThe system efTE\EgﬂmétZCﬂgpatpreiéi‘rédCI litat es
seismc trace data transfers fromdata tapes 102 to data di sks 106 by
acting 3 iembpdisent, e 1®orCE ekt BT commands from an MPP

control processor. However, the host 112 initially acts 10 in an

| ndependent nbde aly, étﬁgéé”hqiéﬁﬁ?rtfi5agiéét ”diﬁitg%e Féﬂgggg %?gh

initialization procedur cofnput er _
speed conput lrHxsieite SAEta from Bigh "BPEEA wissherbraye Y1 0B g6ries of

conputers, since data transfers coordinated by the MPP nust maintain a
rate traveltime disks 108. Because of the veolume of traveltime

data that may be required in three dimensional seismic

10 processing - a typical pr-cessing effort may have 6C,000
traveltime fields, each <: which may be as largé as 8
megabytes in size or more - it is important that these
traveltime fields be efficiently handled. Freguent
reccmputation of the individual values required for a

15 processing effort is not cost effective. In the present
methed, traveltime fields are precomputed for a coarse
grid and stored on a high speed mass storage facility,
thus allowing subsequent traveltime computatiomns toc be
limited to interpolations of the stored fields. As

20 depicted im Figure 2, one specific technology adequate to
transfer the stored traveltime field subsets to disk is
the D2 tapé used in the Data Tower manufactured by E-
Systems, Inc. Technical specifications which make D2
tapes attractive compcnents for implementing the present

25 wmethod include high capacity (minimum of 25 gigabytes) and
high transfer rate capability {15 megabytes/sec).
However, the high speed mass storage facility may rely on
any data,st@rage technology with sufficient capacity and

transfer rate capabilities. For example, digital tapes,



15 suffgici 0 avoid conputation tinme delays by the s in
e Wkt rOARSSIORS

t he the Y-MP also facilitates checkpoi nting by allow ng
regul ar snapshots of the state of the analysis to be saved, thereby
facilitating restart of the analysis phase if interrupted before
conpletion. 20 Finally, the Y-MP is also designed to interface with tape
st orage conponents in a nore straightfoigard, nore reliabl e manner
than are typical MPPs. Al t hough Figure 2 depicts both a host
conputer 112 and a control PE within MPP 100, it is not a requirenent

25 of the pptieal medicd atkhtothnh Heskhriasmnimedia heaMbp system

Specifically, .in_a)ternate enbodiyents. the . i f y the
control PESSHE @nﬁéﬁgoﬁ:ﬁé?fs | alr%ym%%eb%o%?n%%%@u‘%%r ,gfh‘ggéeﬁggﬁgﬁ?nat i ng
the controlyR 1008l e e NS M ef h Rheriesdpadi t PEhpgRSEnt net hod
WD 95/ 3403 50T 3G neTEeS : PCT/ US95/ 06555

- 29- \wrsnd fely datat ecdpebiilosty chimettely mesulbosefvom bhenvebume
processing elenents in the NPP 100 perforniqg bot h éhg funciions of the
cont r ol 5 PEcdndrave time i bl drdat thRt 15 TeInbtedrfeM2tYRhE3syst em of

Figure 2 is.a preferred eydodi et tohS PtelbPitipg The
host conpu?@F%%Uééﬂéﬁ#%ﬁéﬁ%inates {7 ans erad? c %ravelt?ﬁe data from
hi gh speed gmsrsd 0ra08 19Als depénderwt t bmethie skesmbé8. oBeanaigsas t he
vol ume of traveltine data that may be required in three dinensiona

sei sni ¢ 10 PHy coasisiakle to tBeyriesrm ppomrssr pirRs f or VikBguhatBe88, 000

traveltine fields,, each o which nma ; a ' a I n
si ze or rHNQ?Rahiiﬁ%ﬁ?%ﬁxé?%ﬁnsﬁ%5?9¥h%@%aérég%?gﬁe???ﬁ%e??gﬁgsgégia
ef f1ci g9t | % iand] ekneFdiopUeIRdering Q5OFRYERLO8 8hd! Padubidgybdushltal ues
requiréd for a 15 processing effort s not cost effective. . In the present
met hod, tr aed Iystes filetolsglapet pr eBonpoervefibenge coar the folgpwdngnd stored
on a high speed nass storage faci itg, ... thus gLI mﬁng aubseguent

as limit igh spe€ed mas

travel ti me R¥nPIREtEOMRE tPPpRETUS ing,

storage will also be referred to as traveltime tape mass

storage.

15 The seismic trace data is stored on data tapes 102
“énd transmitted to disk in an optimized sequence as
further déscribed herein. ' These data tapes may be any of
a number of well known mainframe computer tape storage

facilities 102, such as the IBM 3480/3490 tape system.

20 The disk mass storage devices used for the data disks
106, traveltime disks 108, and output disks 110,'may be
any of a number of well known components, such as the DD-
60 disks manufactured by Cfay'Research, Inc. Thé disks
should have a relatively high bandwidth data transfer

25 capability, and have controlle#s which accept multiple
channels,'preférably at least four channels, of data on
input and have high bandwidthfdaﬁa'transfer capabilities
(préferably 100 megabytes/sec minimum) on output. The

output bandwidth is a function of disk speed and the



limted tog tions of the stored fields. As 20 depict Lo FEigure 2,
one specifﬁ%ﬁég%ﬁkglogy adequate to - transfer the stored @?gyéﬁﬂﬁ%é
field subsets to disk is the D2 tape used in the Data Tower '
manuf act ured by E- Systens, Inc. Technical specifications which nake
D2 ‘tapes attractive conponents for .inplenmenting the present 25 nethod
i ncl ude high capacity (m ninmum of 25 gi gaby{es) and hi gh transfer rate
capability (15 negabytes/sec). However, the high speed nass storage
facility may rely on any data storage technology with sufficient
capacity and numhem @i «isks evhighnitan thegangri togeipher, digivillthees,
WO 95/ 34037 . . . PCT/ US95/ 06555

- 30- opt BFeRARAE By BioRs aFiidied P g AT %ind di gi t al / anal og
tapes all nmay be considered for use as nass storage 104. The need for
this high capacity/high transfer rate capability directly results from
the volune 5 of traveltine field data that is required for typica

t hree di nensional data analysis and interpretation efforts, and is

al so dependentlIon tatanhasrisitiomIGxifiguratiis avail able to perform
conput ati ons. Wthout these capabilities, data storage and transfer

bottl| eneckg woul d 0 result, thereby. hinderin er fornmance and reduci ng
overal | § anal y#&”.tﬁﬁetﬁfd?ﬁ)ﬂe% s e &%%éi)q‘Fth%IF%IQ‘OV\A ng,

but not to be LeRH/died1aS dddl NG NG SRESL IBSSor MLty Lidhigl so
be referred t& as travelti rrquape Mass ~ “storage. a15g - \(,ahé‘l?éjfgm C

trace data i s regrred 20n afatthd apett Oduch asnis telowr it efidwreizk in an

opti m zed sequence as . .
Cubic region 20 will aliso be referred to as cdata

acquisition cube 20. Seismic data will have been acquired

10 along the earth’s surface 18, which may also be on or near
the surface of é body of water, using seismic sources
placed along shotlines 22 at source locations 24. For
each source location 24, reflection data from within data
acquisition cube 2¢ will be obtained from as many as cne

15 hundred or more receivers (not shown) pliaceé along the
same shotline 22 on which scurce lccation 24 lies, with
receivers scmetimes being additicmally placed aleng one to
five cxr m@re'shotlines 22 adjacent tc the shotline on

'which source 24 lies.

20 - The overall dimensions of cube 20 will vary from
dataset to dataset, although surface 18 over which data is
acguired may enccmpass as much as or more than several
hundred square kilcmeters in area. Purthermore, the term
“cube” is used herein for convenience only; cube 20 may

25 invelve a cubic gecmetry, having six congruent square
faces, or may involve a parallelepiped. In addition, cube

20 may involve other irregular shaped three dimensional



further described herein. These data tapes may be any of a nunber of

wel | knowo ssgq0d7 ane conputer tape storage faci Iitie c’l.lgg @g{gg as the
| BM 3480/ 3490 t ape system 20 The di sk mass storage v used
for the data disks 106, traveltinme disks 108, and output disks 110,
may be any of a nunmber of well known conponents, such as the DD

60 di sks manufactured by Cray Research, Inc. The disks shoul d have a
relatively high bandwi dth data transfer3325 capability, and have
controllers which accept nultiple channel s, preferably at |east four
channel s, of data on I nput and, have high bandmndth data transfer
capabllltlé§ umes(rﬂQﬁQ&%HHRﬁQEEPn%ﬁa%@t%%/%%%sﬁ¥%$ﬁuﬂ§ bhmbuipgt. The

-out put ban@ﬂﬁgg% ééa.functlon of disk speed and the WO 95/ 34037
- 31- er of disks which can be ganged together, as wll be

understood by those skilled in the art. 1. Data Acquisition
Configuration The spacifite hstaseni SESEDIhEHC2US651 DD SENELQPIPILE a
geophy3|cal image of all or a portion of a generally cubic regi on 20 of
the earth, Isgcirens iaf qRRersn Wigura spacing tweergsonrd® will al so be

(eferred IAAANR 20 GRS URN SHe 20 oS0 SIUF daf2 WL, have been

meters, or as much as tens of meters. However, each of
these dimensions will vary depending on the specific
geologic structure which is being investigated. For
example} study of a complex salt feature, such as is often ‘I

10 the focus in three dimensional seismic data procéssing,
may require very closely spaced shotlines and source
locations. On the other'hand, larger features for which
only broad resolution is required may allow'largef
spacings, and use of traditional two dimensiohal'analysis

15 techniques. The considerations required to detefmine
spacings which are éppropriate for study of a specific
geologic feature will be well known to those skilled in
the art. An advantége of the present invenﬁion is that
data acquired from either traditionally spaced shotlines

20 and source locations, or from the relatively closely
spéced shotlines and source locations often required in
three-dimensional seismic processing, may be processed
with lower computation times and costs than have

heretofore been possible.
25
III. Data Processing - Setup

The Setup phase of the present method comprises three

principal tasks: depth slice decomposition and aperture



t he surf acewgfespsgyody of water, using seismc sources @%ﬂs

shotlines 22 at source |ocations 24. For each source Iocatlon
reflection data fromw thin data acqui sition cube 20 will be obtained
fromas nmany as one 15 hundred or nore receivers (not shown) placed al ong
t he sanme shotline 22 on which source location 24 lies, with

receivers sonetinmes being additionally pl agad al ong one to five or nore
shotlines 22 adjacent to the shotline on whi ch source 24 lies. 20

The overal | dlnen3|%ns of, cube 20 wi Il vary from dat aset to dataset,

al t hough surf afBeeatdcarih JEigurs pPd - t°@¥9$§ Lieyde meesidisatiarich
as or nore thamFsgﬁiéa%) Bh gﬁgt?%ﬁab %ﬁhﬁ%%EHE&F @&g&&,a Furt her nore,
i 8 0s8F I'n

the term nvenlence onIy e 20 may 25

i nvol ve a cubi Brgadlyt Eyatedyi Rfesbbieerdvecrif $GeaSRtup p}m,mﬂtdmy
involve a parallelepiped. In additi on, cube 20 may invol ve ot her

i rregul ar shapegovhgeeadprorsssing structupe 98igR0FLlows the analyst to

PCT/ US95/ 06555 |
NGt hing horbi noresedv,BAEase: PEAETE AR Erayeltine, Hata,iye dhd ™

The spaci ng betug awﬁmbhl BESaegs\M éhdgeaemlmhxa% %1 ht dopW

nmeters, with a spaci ng between source | ocat 1 ons 2 on each og?lne 22
as i ttI e as aal;.&ma*'1o*me’fecsmputeasmlemnln-yabettmnofm@mmmﬂd)mrtheach
of t hese di nensiogns will vary depending on the specific geol ogi c
structure mhlcﬁr?YEQe@WS AA¥8sti gated. For exanpl e, study of a conpl ex
salt feature, such as is often 10 the focus in three dinensional seismc

data processing,  rpeMBYeLEIBhEEeYREY FEOIS! YnSRAGSLnElYe WSt G SOur ce

10 ‘data acquisition cube 2C, as depicted in Figure 3, or on a
subset of cube 20, such as cube 21 shown in Figure 4. The
subget of cube 20 on which the Setup phase is focused is
cften reﬁerréd to as the analysis cube or the image cube.
Preferably, the data acgquisition cﬁbe will be somewhat

15 larger than the analysis cube, with the size difference
facilitating the desired analysis by allowing sources
and/or receivers which are ocutside the amnalysis cube but
within the data acguisition cube toc contribute to the
analysis results. This consideraticn will be well known

20 to those skilled in the art. In the following, for
convenience but not as a limitation, the analysis cube
will be assumed tc be dimensiomally identical tec the data
acquisition cube, with the term analysis cube and the

reference number 20 used exclusively.

25 An advantage of the present method is that.
substantially larger anélysis cubes can be analyzed than
éan'be analyzed by priat art methods. For example, data
processing constraints inherent ta'priar art methecds often

force analysts to focus on specific targets within a data



| ocatio e other hand, |arger features for which only broad
resol ut irkgﬂglg)g“&rquui red may allow I arger spaci ngs, anacag@93¥6555
traditional two di mensional analysis 15 techniques. The consi derations
required to determ ne spaci ngs whi ch are appropriate for study of a
specific geologic feature will be well known to those skilled in

the art. An advantage of the present igyention is that data acquired _
fromeither traditionally spaced shotlines 20 and source | ocations, or from
the relatively closely spaced shotlines and source |ocations often

requi red iacquisitiomecubecnsinmad seckniguer nefssiagd, tongsbeapyetessed

with | ower co unftion ti mps and_costs than have her et of ore been
possi bl e. Origjited PXegesHLnRg. prHesRYRgent Jekod reduces The Setup phase

of 1he PressifudBliod CORDIAR@SCAOL oy «arfLt N61RaLCLASERLCAERIASS! ' O

deconpositio aperture _ _ . _
- 33- e Idsad 1 Dowd Ftigelrendire tvavehéi 68 4i @hdasaeghikeatiban
(Figure 6), and mi gration optimzation (Figure 7). roadly stated, the

obj ect Pve Biba Hwo dee 1anphrzsed | sthws facilpibatiegampreceowpnghensdiveur e
which allows the analyst to. .5 | osel y nanage seismc_and traveltine data
170 and  SSAATR R T Bt eHREn RS (B RBI TUST K PPORtBRBALPOF of ¢ he
A typical analysis cube to which the present
invention is directed might involve a fifteen kilometér by
fifteen kilometer area, (surface 18 in Figure 3), with ‘I
10 Shotlineé_zz having approximately a 30 meter spacing.
Cube 20 may extend from five to ten kilometers below
surface 18. An object of the present invention is to
facilitate seismic processing of the entire volume of an
analysis cube of that size or larger using an MPP and
15 requiring only one éalendar month or less of actual
processing time. Presently available methods for seismic
p;ocessing require substantially in excess of one month
and up to or more than one year to complete such
processing. However, the present invention is not to be
20 limited to analysis cubes of this size. On the contrary,
the present method can be usefully applied to a wide
variety of analysis cube sizes, as well as to target
oriented processing; nothing herein is to be construed as

limiting otherwise.
25 A. Depth Slice and Aperture Specification

The potehtial analytic benefits of decomposing an
analysis cube into substantially équally spaced,

substantially horizontal depth slices (the Z axis in



al location of conputer nmenory between the seismc and the it @%gne
wes u%re’o@gﬁ “dat a

dat a. e Setup phase may focus on the entire vol

acqui sition cube 20, as depicted in Figure 3, or on a subset of cube
'20, such as cube 21 shown in Figure 4. The subset of cube 20 on which
the Setup phase is focused is often referred to as the anal ysis cube
or the inmage cube. Preferably, the dat§3§gquisition cube will be
somewhat 15 larger than the analysis cube,"With the size difference
facilitating thre desired analysis by allow ng sources and/ or

recei vers whi clpanereo siwitetdctlamabysgin cobetbat ccordimatensybtedatia
acquisition cube to contribute to the analysis results.

Thi s
consi derati on whawmeaield) @earwobl 1RderBsecdkin| BB n"Fhe EPYEVeFn Rfe

follow ng, for , ., caonveni.ence b S | LQLiadt anakysi-socube
wll be aSSanxFQQ%Qﬁﬁ §§ﬁ%§%héﬁ$§”€%%%t?§glé?%&t%éﬁg%?%QSné agcgﬁggrtion
cube, with the ézz.% M AS | BavebeotngllbRed conpletenanradbysber cdbessed be
excl usively. 5 An advant-age of the present nethod is that
substanti al By |snakyzedal yRistbebasreantargahabyientedamethodgaprgenot
anal yzed by prior art_nethods.  For . exanple roces

_ data . L |
constraints inEseeFalby prebFusFEradt A8d gof?eﬁe&ULrﬁoggengﬁgtggt§r9@ f ocus

on specific tar i 4 hj ition. WOr9p/ 8Rl8€ S, i art
PCT] USO5/ 06555 S5 en 118 GebBhfosition. Ordp é reasons ggénigirsi re

cube using a tegdensle heberned baceessfuliky- incorporatetietopieoaseldng. The
present nmethod reduces =~ conputation tinme and cost for targetnorieﬁéeg
processi ng, depthh alioedecompeRatinn FethorhrBeEr 22t AEPELI04ERPEE oA

10 a full cube analysis capability.

In the present method, the number cof and spacing
between depth slices (60 in Figuwe 5} will typically
depend cn the goals of the analysis and the expected
characteristics of the features within the cube. For

15 example, decomposition of a cube 20 into 1024 depth slices
30 with a depth slice spac;ng of 7.5 meters would be
sufficient feor analysis of a cube 20 extending 7.68
kilometers from surface 18 te basement 19 (Figure 3).
Among the other factors on which depth siice spacing may

20 depend are the total number of PEs (analysis, control, and
1/0) in the MPP on which the present method 1s to be

employed.

On each depth slice 30, the spacing and location of
analysis pointe 28, which are those points at which the
25 subsequent calculations will be performeé, must aisc be
defined (62 in Figure 5). A typical dataset to which the
pregent invention is directed may; for example, involve a
grié of 500 analysis points extending along both the X and
the Y axes (Figure 3), such that the grid on each depth



5 cube to be analyzed, thus facilitating nore conprehensi ve. . seismc

pr ocessMYI¥MEH has previously been possible. BCT/ySsOedssanal ysi s
cube to which the present invention is directed mght involve a
fifteen kil onmeter by fifteen kilometer area, (surface 18 in Figure 3),
with 10 shotlines 22 having approximately a 30 neter spacing. Cube
20 may extend fromfive to ten kil oneters bel ow " surface 18. An object
of the present invention is to fadf-tate seismic processing of the
entire volune of an anal ysi s cube of that size'or | ar ger using an MPP
and 15 n I n alend qg@ﬁ ogessing
time. Pr esg#"ﬁé %\?g&' X‘B’l%e%r?g)t r?? 5 selgs%rcmetséS proceSS| ngar}a}acfﬁﬁ'[ rsg

subst ant i apbynith spsetsg o:fllanalwmpend canNaHep doaly drichd han one year
to conplete such processi ng. However, the present invention i.s not to
be 20 |inBnedysésapadyshe expesterd charasiteristdes tnf ctd?ﬁ igatures the

h ful | f I
Cube i zosv BBt rroe 405 A 1" b pftalielied . one i%%cﬂ i nel ein
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is to be cppgtLyed as limting otherw se. Depth Slice
and Aperture Specification - - The potenti al analytic benefits of
deconposi ng an - anal ysis cube into substantially equally spaced,
substanti al | y honceothel agedysisl ictde (halse bReaxisgibidivided iMtah/BAN3Y

PCT/USQS/OG?lces and analysis points, one option fé¥5proces51ng the
seismic data would be to assign an equal number of depth
slices to each PE in the MPP, then directly proceed with . '

10 processing the seismic data for all analysis points on all
slices. However, processing all analysis points on all
slices is inefficient for a number of reasons. For
example, the seismic data traces acquired along each of
the shotlines do not contribute equally to all portions of"

15 the desired image of the geological sﬁructure. '
Furthermore, it is well known that only those diffraction
raypaths which are close to the reflection raypath for a
given analysis point will contribute significantly to the
image at that analysis point. This is true whether the

20 image is formed using traditional diffraction summation
techniques, Kirchhoff'summatioﬁ techniques, or other
similar methods, all of which are well known to persons
skilled in the art. If a data trace has such a
contributing raypath, it is said to fall within the

25 -aperture of the specified analysis point. Therefore, to
the extent that raypaths that are not within the aperture
for any specified anélysis point can be predetermined and
excluded from subsequent processing, the seismic daﬁa will

~be more efficiently processed.



Fi gure 3, \M&%%@u origin of the coordinate systemis sh , are
wel | under st oo |§£%he art. However, as - indicated above, !g§¥%%§sand

cost limtations of prior art methods have not allowed conplete

anal ysis cubes to be 5 analyzed. Furthernore, target oriented nethods
are not generally structured so as to require or benefit from dept h
slice deconposition. For these reasons, pi4pr art nmet hods have not

. successfully incorporated horizontal depth slice deconposition with
either a target-oriented or 10 a full cube analysis capability.

In the present net h&dr theseureasons atdies pregent methued el wiss thsd i ces
(60 in Figure 5£ w il typically depend on the goals of the analysis and
the expected StepnRFfaCe Fdag,fthe, @pesiuFe. £OH GRGh @felyiie® PESGt 15
exanpl e, deco St N <0l Eal O dants Jephh skice i a
depth slice sgg% %%lcgnf &%Tpgﬁrre%;igf%g \C})glt?] d'?lbéﬁg’%{lﬁ s”’&f"f i é#n(eént%ddfv(jarnt%%ﬁmyésél]s of
a cube 20 extenHtBl)stepSof the baRietits rethidd W atatl &He dppsaimd £idd
(Figure 3). Anong the other factors on which depth slice spacing may
20 depend &r eaphargdysisnpeiat canpke Catenpined ssdncrelatdévely 1/0 in
the MPP on which_the, pr.esent thod is to be. ., enpl oyed. _ . On
cach depth o | EErsaeERRE s gt s maat f igp TR eREiYe gornpsaniots
whi ch are thosgraeéahﬁ@t. Wiineh rlel3® 1129 5 THRTCIRMe GRIHGHIR! kel hih e

perfornmed, nust al so be defined (62 in Figure 5). Atypical dataset to
whi ch the fdoegneft comterifoutre ite diveediragenayr, shecidianainalyisiwipoeints
grid of 500 anal ysis points extendi ng along both the X gnd the Y axes
(Figure 3), suBR?t kgt eERBIFALEdFTOH: 19 ent prggegs g procedures on

PCT/ US95/ 0555 e - i =36 e £e. LNt g ns
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depend on the ghal sveralleprocessing effort. This is an improvement
over prior art methods, which perform analyses for all
traces for all analysis points, without aperture

considerations.

15 Aperture computation procedures are well known ir the
art, and, for example, can be performed using the
technique referred to as kinematic migration, which is
alsc sometimes referred to as map migration. Map
migration offexrs a method of determining curves which

20 define the locations to which specific réflections will
migrate. Once those curves are defimed, the seismic
traces which contribute to the analysis points falling
‘along those curves can be specified. Those traces are
said to fall within the aperture for the specified

25 analysis points. Seismic traces outside the aperture do
not contribute to the image at those analysis points. A
particularly efficient aperture computation methcd is
discussed by Krebs in ce—?ending U.S. patent applieation

08/057817.



anal ysi e expected characteristics of the features _wthin cube
%olasv?gffég 5 the art PCT/USOSIO6SSS

20, as understood by one skilled in ce

t he anal ysi s cube has been subdi vided into depth slices and anal ysis
poi nts, one option for processing the seismc data would be to assign
an equal nunber of depth slices to each PEin the MPP, then directly
proceed with 10 processing the seisn193g§ta for all analysis points on al
slices. However, processing all analysisS points on all slices is
inefficient for a nunber of reasons. For exanpl e, the seismc data

traces acquiredizghores ekchamd 9B, whieh shepidthesutheahdy contribute equal ly
to all portions of 15 the desired i mage of the geol ogical structure.

Fur t her noPETRANGICHAYT Y§ITWHFah £Tr98 YSeHokens| §hreegh opube 20 aypat hs

whi ch are  ¢l,0se .t.0 e sefl.ecti th for a : I ven | ysi s point
will cont rt%.ok%t e a;tl gttn% ilcoaén#ely&i%r%l%%y&am éllr%\b%e a%’ t%g?pl%%?‘y]@s poi nt .
This is t demoMitiiale e bdhdfBYGT A Rth 1454 "thd rath 1§08l pdiffraction
sumat i on t echni ques, Kirchhoff' summati on techni ques, or ‘ot her

sim | ab mepestsiresfomfindiiciduale data traves t 0 Peiswies data skatéed in the

art. If a_data .trace has such a contributing, raypath, it is said to
Fall wi t hYPOAT O Eoio QPR RS S (TS T ST VF PR3 Ther ef or e, to
the extent.dfidle fRMPH N ildi¥ 1Bl Qd&t%ﬁé"ﬁt%ﬁ%ﬁﬂ& 1g.for any

specified anal ysis poi'nt can be predeterm ned an excl uded from

subsequenAnalyesss ipwgntshe Sersmachiadepth |13lice 3barmrehefpotnest |y
processed. - _

at which the geophysical image is to be calculated. '

10 The seismic data traces assoéiéted_with each lbcation
25 are typically assumed to cqntribute to the images.
associated with all analysis points on all depth slices.
That assuﬁption is not generally accurate; however, With
any such contribution_depending on the nature of thé

15 features, such as dipping and faulting; Using the
procedures referenced above, the present method includes
the step of computing the aperture for each location 25.
For example, the aperture for location 25A in Figuré 9A is
defined by aperture boundaries 26A. The trace associated

20 with midpoint 25A makes a contribution to the image at-
analysis pointé within that aperture, and therefore must
be included in subsequent processing procedures. The
trace aséociated with midpoint 25A does not make such a
contribution to analysis points outside that aperture, and

25 therefore that trace can be excluded in subsequeht

processing as those analysis points.

As shown in Figure 9A, the width of boundaries 262
are a function of depth within analysis cube 20. That

width will also generally be a function of the source-



WO 95/ 34037 PCT/ US95/ 06559,
-37- wos o?ﬁt hese reasons, the present nethod i ncl ude?‘%q'és”msssstep

of determ ning the aperture for each anal ysis point on each depth slice
(64 in Figure 5). The advant age of this step of the present nmethod is
that the aperture for 5 an analysis point can be determ ned using
relatively strai ghtforward, non- conputgr, time intensive conputation
procedures. The result is that those seism ¢ traces which do not
contribute to the image at specific analysis points can be elimnated
f rom subsequentepebrersofijset oasdackated wAthhmidpenakygsa,pandt Sn t hus
reduci ng the ti&&,and cost of t he overall Erocessing effort. This is an

i nprovement  8GAubePR pRRYr VAFY ﬁ%?ﬁﬁd@?rﬁﬂgﬁh Berishnafsryess for al
traces for allyanalysis QQ[”t?or“éﬁgﬁgéﬁ?pgh&uéﬁﬁrgﬁggogiig?é%h%%%ilybPé5'

Aperture conputation procedures are kriown _ _
exanpl e, can berpecioededt ushagoblitdariebeshntHdeingger e88el 0 8B akie#erRli C
m gration, which is al so sonetimes referred to as map migration. Map
nigration &f f ke aapertere ovidehefarnanganalyeisvhbint 2@edetinelvhelose

I ti t ' | fi flect] | ' t ‘Once th
curves are def helS (Reruetch wifl b8 [ apeehar; eRALERE: FhaFcthS PRGLH

anal ysi s poi Nt aih i a1 Bis’ ﬁfﬂttﬁefé E@ﬁﬂfél%%?l?ﬁaé@&c%ﬁkﬁgg gggse

traces are said to fall In the aperture e speci

anal ysi s poi ntanal@Beisnteber acks addttilent hapepeutearecdadariesnge for a
contribute to the ipage at those anaLgsis points. A Jparticularly
efficient apertfat RRBNVREY HEHER scoTpags serserbBabjorr whshin cube

;&Pﬁggg?gggSEG patgnt %ﬁf@} | Ol apegé{an?%ﬂtiin@ wit%ﬁ@aggﬁgﬁ'ﬂgée will
often be wider than the aperture perpendicular to that
shotline. Figure 9B depicts a cross-section throughk cube
20 perpendicular tc the cross-section of-Figure 9A.
Aperture boundaries 26B are the boundaries for location

15 25A in the cross-section of Figure 9B. As suggested'from
a compariscon of Figures %A and 938, boundariés 26B ave
wider than are,b@uﬁdaries 26A. The present method allows

for the aperture width to not enly be depth and offset

dependent, but also to vary with compass orientation.

20 Aperture width at any given depth will in principal
vary in an irregular manner wiﬁh compass orientation.
However, in the preferred embodiment of the pﬁesent
invention, aperture boundaries are calculated along two
perpendicular sections, such as shown in Figﬁres S8A and

25 9B, and result in either sguare or rectangular regions
being defined at each depth. This embodiment simplifies
the storage of the aperture width data in memory for
subsequent use. For example, the use of circular aperture

regions would require use of trigencmetric functicms at



- 38- Figures 9A and 9B, which depict nutually per pendi cul ar
verti cWO&B3¥3Tsecti ons through cube 20 taken at th&CTRISANESHS shown
in Figure 3, graphically . denonstrate the benefit of determ ning the
anal ysi s poi nt 5 aperture for individual data traces. Seismc data trace
| ocations for common offset source-receiver pairs are ref erenced by
m dpoi nt | ocations 25 al ong surface 18. Anal ysi s points 28 on each
depth slice 30 are the points at~4fi ch the geophysical image is to be
cal cul at ed. 10 The seism c data traces associated with each
| ocati on each depRhe thy Riet@irmi nds WHERhdrO LPUH M & b ddte idmges
associated with all analysis points on all depth’slicés. That
assunpt i owitbkinothgeapeaitiareac tima eddingewer additthional complscity
contribution dggendi ng on the nature of the 15 features, such as dipping

and f aul t tRgSUDSERYePe Processing. AT seIE S enced above, the present

nmet hod 1 ncl udes - the step of conputing the aperture for each |ocation
25. For exagmlg1 bt idRe Wil Fod QR ' | '
defined by aperture %OU?S&%IBES ZEJS'A. Tﬁgtracﬁsﬁiéﬁﬁ%%ﬁg@%ﬁdpoi nt

25A nekesdamenstivnbut | An baet kmbodgent of theapdessart patgtcd W t hin t hat
aperture, and therefore mnust . be included in subsequent processing ,
procedur ed8Pe¥RETre regiphcdimessdionsedrf tnbWtdRY rhesiweodi thRt dke such

? her ef g(r)gk{lhgpa# gg‘%teggg%%{)é%g%&%%dg&%mg%tssﬁB‘%glg}}g% aal%q{é :){:;hgece)ggaldrﬁ%%gs t hose
anal ysi s gRéBtef Figure 3. The input forms will generally vary
with depth, offset, and location along surface 18, but may '
10 also be specified as constants if so desired by the
analyst. For example, a constant aperture dimension of
5,000-7,000 meters is adequate for ﬁany.ahalysis efforts.
Alternatively, for datasets deriving-from Ehe offshore
environment, a functional or tabular form involving a
15 relatively narrow region within the water layer will
reduce noise i_evels resulting from that 1ayer; In such
situations the apérture region will generally be lafger
for layers below the seabed. In either case, the
dimensions of 'thle éperture region at each depth are
20 retained in the memory of the processor performing

calculations for that depth, as f‘urthei- described below in

the Data Processing - Analysis section.

In ahofher embodiment, aperture boundaries may be
calculated fér all analysis points over_all depths and
25 stored in host computer mémory as an aperture map_of'cube
20. That map wouid.allow the calculation load associated
with each depth slice to.be estimated, siﬁcé calculation
..load is proportional tb the number of analysis points for

which processing is to ‘occur for each source-receiver



As shown swwo ska@ar € 9A, the width of boundaries 26A ar povukspogkison of

depth within analysis cube 20. That width will also generally be a
function of the source- - WD 95/ 34037

- 39- recei ver offset associated with mdpoint 25A and in

addition may vary along surface 18 with different | ocations 25. For
exanpl e, the aperture will generally be.gi1- truncated at the boundaries of
the i mage cube. Therefore, .. 5 the aperture width for an anal ysis point
relatively clagse, .to the boundary wll_be sonmewhat smaller than the

width —° FEPEAYMNARFE-SSFoi ntt Akt EMRaRimanty Aot dhe (9aRFh he
analysi s Cugickl 38 Mg NS UE ROUMAIRAD [P b1l mep dOOATQD 2

may vary w conpass ori éntation w rexanpl e,
aperture i nhanandel Rkad cseitliione 1wWad. often be wi der than the aperture
per pendi cul ar to that shotline. Figure 9B depicts a cross-section

t hr ough cube 20 perpendi cul.ar to the cross-section of Figure 9A

Apert ure boundar Pe$exsEnatd.ormh e H aRfriires vesriarocimansiams 25A in the

cross-segtign of .Fiqure 9B. _As suggested from_., onpar.ison qf. Figures
9A and 953 %@ﬁﬂ’g’&?;iagfszg%ea@ai %%ﬁe?elp v R %%OM%%A. ngFF‘?e5
present met BedRlinRMives theladdiyrARRY OF Fedtd BLixdWitPHne be depth and
of f set depéndent, but also to vary with conpass orientation. 20
Aperture w dnalysianPEg €6 depiFicmidd Jin pd noimkser of optaions resxst
irregular manner with conpass qrientation, However, in ,he&referred
enbodi ment 6PTt R@KIPG &ML 28838PEIANTyn Q¥ ARATR You ikt cate®d al cul at ed
al ong two rp i R 10N, aﬁ.ﬂﬂé Ny i1y R : 25
9B, and restl f@%i%ﬁ g’lglt%hé%ré&%é"u%?gjdgr r&r%’escl angtﬁr regl or%s% E&lﬂlﬁé% efi ned
at eachiglepiiicebhiinterkadupenthaiing idh @ual number of comtiguous

glices and éssign the groups among all analysis
processors. However, as indicated in Figures %A and 9B,
depth slices relatively close to surface 18 will generally
be associated with narrower apertures than the apertures

15 associated with deeper depth slices, and therefore will
also have lower calculation loads. &As a result, analysis
PEs assigned velatively ghall@ﬁ depth slices would, under
this egqual assignment scheme, have lower calculation loads
than PEs asaigned deeper depth slices. As a result of

20 that lower calculation load, the PEs assigned shallow
depth slices will tend to complete their analysis tasks
prier to the mement at which the PEs assigned deep depth
slices ccmplete their assigned aﬁalysis tasks. ‘For that
reason, the shallow PEs are forced to wait for the deep

25 PEBEs t@'complete analysis befcre additional groups of

| seismic trace data can be transmitted to the MPP if trace

data breadcast only occurs when all PEg are ready to
accept additional trace data (as further described belcw

under Data Processing - Analysis).



the storage of the aperture width data in nenory for subsequent use.

For exanpl e, WO&3MF of circul ar aperture regi ons woul d r eBGF/P&IYP§ESSof
trigononetric functions at WO 95/ 34037 ' '

PCT/ US95/ 06555 - - 40- each depth-to
determ ne whether an analysis point is Wi thin the aperture, thus
addi ng an additional conplexity I n sub;gquent processi ng procedures.
Several options exist for storage of aperturé region 5 dinensions. In one
enbodi ment of the present nethod, aperture region dinensions are input
by the user either ign altefﬂﬂ@éiéﬁekoﬁﬁhiﬂstﬁbuhaéi§ﬁrﬁb§&h|%ﬂgbb% &loong
the X and Y axes of Figure 3. The input forms wll generally vary

with depth, offeath amalysiatPBninl sughsarmapaergasphtic kayance &heo be
specified as constan i f_so_desired by the analyst.. For._exanpl.e, a
const ant apertUQ%EH?iinE?ﬁﬁuﬁ?t}on g?6§09$?666 ﬁﬁt@ié'?ééadeaﬁgtggE&Phnany
anal ysi s effortg,gey thf%tggﬁ?ééEﬁ!Ys Eeragﬁigﬁeﬁsvg§§&ﬁbnﬁu5b@¥‘b&ede th
of f shore envi ronnent, unctional or tabular fofminvo

ving a 1
rel atively marrgni¢egi o8 wathi anabgsiat PE baged wnl Bepth wittice cuies@0
| evel s resulting fromthat layer. In such “situations the aperture

region will gernandlthepselakyee calculakippydépaddpefofPChe SddsBed. UPRSE t her

O o ¢ o hERSREEn’ g DFadOBE HeBehraIGReg' 600D BPPLRARL
' each analysis PE, but each such PE would not necessarily
be assigned the same number of de_pth slices. For example, ‘
10 an analysis PE might be assigned several relat}vely
shallow depth slices, while another analysis PE might only
be assigned a siane, reiatively deep,.depth slice, with

the result being that both PEs have comparable overall

calculation loads.

15 _ A second option under this alternate gpproach also
serves to balance overall calculation ioad. In this
approach, a relatively shallow depth slice.and a
relatively deep depth slice are asSignéd to each PE. Such
an assignment scheme will result in an overall calculation

20 load comparable to the calculation load of an analysis
processor assigned two generally'moderate depth slices,
thereby generally balancing the calculation loads assigned

to all analysis PEs.

One limitation exists as to both of the load
25 balancing depth slice assignment options. As will be
fufther discussed below under traveltime field |
séecification, each analysis PE will require certain
traveltime data as input to the énalysis phase of the

method. Both of the load balancing depth slice assignment



cal cul ations for that depth, as further described bel ow i n t he Data

Processi n§¥v0 99»@BYsi s secti on. | n anot her enbodi RERWSISAESSS ur e
boundari es nay be calculated for all analysis points over all depths
and 25 stored in host conputer nenory as an aperture nmap of cube 20.
That map woul d all ow the cal cul ation | oad associ ated wi th each depth
slice to be estinmated, since calculation |l oad is proportional to the
nunber of analysis points for whi ch4grocessing is to occur for each
sour ce-recei ver WD 95/ 34037

PCT/U595/065 i@n?dp%ac%lgl %&Eé 'EQQQEQE&néhk?oegﬁﬁdéaﬁgégé'iBQE Lhe

depth ces ute to processors in SO0 as

bal ance cal cmﬂx@tamlysﬁﬂ PEs than doebethenegahl oassigapentuappiegichn
dinensions 5 facilitates the final steg of the first Setup task. This
st ep |nvoIvé%ttE@eﬁﬁgﬁgth§“©§0§€ptﬁ preéesred embodimeningfyshe PEs (66 in

Figure 5). A nunber o ons I n his assignment . For
exanmple. as PRepest fe-A88' SHEoE¥es aenigriShrBE Sdubaniahital Hequrs (o
divide the 19¢ &kbERSsl é:és%@uﬁﬂhﬁi:‘b@@séﬁr@%é' nfHiReEeOtnaONt i guous
slices and assign the groups anong all analysis processors. However,
as |ndlcatedtrmvélgumesiém‘and §Bprage ldegth Aperésreelﬁorvghg ellasest o
surface 18 wl | general g

are transmitted to the local memory of the processors and

are retained in memcry for use during the analysis phase

of the present method.

10 The above method of decompesing an analysis cube into
horizontal depth slices and pfecomputing an analysis
aperture has a numbér of advantages over the prior art.
For conventional analysis efforts, such as prestack
Kirchhoff time or depth.migrati@n anéd dip moveout, eack

15 depth slice can be analyzed independently of other depth
slices. This eliminates the need to transmit trace data
sequentially through the MPP, aince each PE can be
assigned unigue groups of depth slices. As a result, such
techniques in the priocr art as nearest neighbor file and

20 data swapping, node-to-node ingut and output data chains,
and serial looping over depth are unnecessary . Each PE
will only reguire the subset of the traveltime data
associated with its assigned depth slices to perform
analysis tasks, thus reducing the traveltime data I1/0

25 burdenn. Each PE is alsc assigned its depth slice duties
at startup, without reassignments during processing. And
finally, the present method requires only a single
decemposition, that of either the gecphysical model or of

the geophysical image, thus simplifying the subsequent



be associatqgo\g%nB arrower apertures than the apertures 15 associ ated
dep S

wi th deeper ices, and therefore will al so have | B&EfUSISN6555
~calculation |oads. As a result, analysis PEs assigned relatively
. shal | ow depth slices woul d, under this equal assignnent schene, have
| ower cal cul ation | oads t han PEs assigned deeper depth slices. As a
: result of 20 that | ower cal cul ation Ioad,_&@g PEs assi gned shal | ow
" depth slices will tend to conplete their anal ysis tasks prior to the
nonent at which the PEs assigned deep depth slices conplete their

~ assi gned anal psiad sk adis ashatompared ebs gy ivheashat ¢ochnifgearehichced
to wait for the deep 25 PEs to conplete anal ysis before, addjtional groups

of sei sni EWMIIMEREEPHTDERS ?RTE%EF?;°?H%Phﬁﬁﬁi%nP?Ecgata' dat a
broadcast onl y w%gp r Y, - C addi-1.)

trace data (a)sinf%ﬁer "’Zdrl esc%%)%igésb’elaécﬁvd g_E}?Q ?Jﬁrl\ -e?t D%??P?@%%Sggﬁ%bﬁ?ﬁ{:s
Anal ysi s) . whidd YHB4Yeh be distributed within the MPP. For these
PCT/ US95/ 06555 o ) ' -42- ) An

al ternate Appreasens ttheomRirRpien sof ceke PP systemhfwpgar¥SRalpE in

such a manner a5 Lo, bal agce Lies oy esahl el CHLathom | gadphaced on all

PEs. One opti STapproach™i 0 assign a varyi ng nunber of
- depth 5 slicepdr@ 8 bl #/sdse f5n beseh Dfuéeptbv1aési MppuPBrélghput and
~the relative calculation | oad of each slice. Under this option, groups

of depth sliceapsahildtieagsitgmtainable by prior art methods.
B. Traveltime Field Specification

10 In determining the contribution that a specific -
seismic trace makes to an analysis result at an anal&sis'
point, the traveltime associated with the source and’
receiver combination associated with the trace and tﬁe

_ analysis point must be calculated. Generally, travéltime

15'; is computed ih three steps. FirSﬁ,'the traveltime from -
the source location to the analysis point is-calculated.
Second; the traveltime from the analysis point to the
receiver location is calculated;'°Finally, these two’

- traveltimes are summed to give the total two way |

20 traveltime for that source-receiver combination andthe

analysis point.

Because traveltime data are a necessary input in
seismic analysis, traveltime data storage and _:
communication challenges are among the most time an@zcost

25 - intensive challenges faced by the seismic data analjst.
One common solution to those challenges is to limit the
size of the region within the_analysis cube on which

detailed processing is carried out, using target-oriénted



each anal ysj t each such PE woul d not necessarily Lgped
t he sanme nunber o gﬁepth slices. For exanple, 10 an analymsgéﬁ?ééﬁﬁ%gbe

assi gned several relatively ‘shal | ow depth slices, while another

anal ysis PE mi ght only be assigned a single, relatively deep, depth
slice, with the result being that both PEs have conparabl e overal

cal cul ati on | oads. 15 A second optige under ‘this alternate approach
al so ~serves to balance overall calculation load. In this

approach, a relatively shallow depth slice and a " relatively deep depth
slice are assi gaégmic paoiceBBinguch Processmings disy e ot hechanrtdidns dsul t

in an overall ¢ | cul ation 20.lo0ad conparah e to the cal cul atjon |.oad of an
anal ysi s ~ E%@c@?@&?5§§bFﬁﬁ@Hl@w€°§eﬁ§££q e%bdé% TENH S T,

ther eby_gener aLlk,hahanck e i Wreuhali o M esHaRed somdhlsed
- gessing mmdefl P peed.

anal ysi s PEs. tation exists as to both of t

bal anci ng dept Alehigc witds tgrgert-cxfkenteds] préseasdingie involvias tdher

di scussed bel ow under traveltine field speci fication, each analysis PE
will requirk ceprpufation ofaisorway Faayeds imesuehertlive bafasaiar fifase of

the o asomet MofneBobieahe! Uhe WARIING 18 $2RAA Y 3 11Y PBMssing
algorithm. This “on the fly” calculation of traveltimes
avoids the necessity of providing for traveitime storage
on computer disk, but regquires repetitive calculation of

10 travelcimes.

Both of these commonly employed techniques limit data
analysis and interpretaticn. Target-oriented processing
is less desirable than full cube processing for the data
interpretation phase, as is well known ir the art, because

15 a smaller imagé results on whick the interpretation can be
based. 1Ia addition, computation of traveltimes “on the.
fly” adds both cost and time to the overall processing
effort, significant limitations in the highly cest
competitive processing industry. The present methed

20 provides im?roved traveltime data access for each
processor in the MPP by precomputing only a ccarsely
gridded subset cf the necessary traveltime data and
_eﬁficiently balancing the use of cemputer memory and
input/output communication links for transferring that

25 data from tape to digk mass storage devices tc the

Processcrs.

The present method provides this improved access by
allowing a characteristic of the traveltime data to work

to the benefit of the analyst. In general, traveltime



-43- pl ace a greater traveltime 1/0 and stor .

t he analysfﬁ&gﬁﬂﬁthan does the equal assignnent approach.aQSNL&%86%$esent;
therefore, a preferred enbodi ment of the present mnethod invol ves
assignment of equally-sized groups 5 of depth slices, to all processors
to mnimze the traveltine 1/0O and storage | oad. Apertures for the
slices are transnmtted to the |ocal_ggenory of the processors and

are retained in nenory for use during the anal ysis phase of the present
met hod. 10 The above net hod of deconposing an anal ysis cube into
hori zont al daptahvsalriycwlauivtﬁleccsﬁawm ian spedey dilroughaperdamre has a

nb f ad t th F t I I
i Torts, sueHedyonmostite | Ao R @it GOt RURGA PR o BeRPeR p
Toveout, eagR L5 g %%tthcﬁ;ma&g e PALikE oy HIPRRIE e 9Tt et depth

slices. This el mnates e need to transmt trace sequentlally

through t hechiBargidnes edrh Mimbean dfe analyesis grechtilicper gmsips of dept h
slices. As a result, such technlques in the prior art as nearest

nei ghbor5 f | Wé taeutod.ossataf SEHRIRKEE Wbﬁﬁﬁﬁum afiebirtlewrlat a

chai ns, nd seri al | ooping, over t.h arg dnnecessary Each PE
wi | | onI y ré&?,e,rg 150610%:? (ﬁ%ﬁzhees é’gehfet Rty r‘l:to comp SSOCI ated with its

assi gned depthvehirGaed EderdHy analys:.EH"'fﬁd‘.Lsdtss t afdifred Muscdebicd Ndakde
traveltine data 1/0 25 burden. Each is al so assigned its depth slice

duties . aecstiaetud oosittilvog wkeatshslagmmn:tts piant raf prive essA el € el

finally, the resent nmet hod requires only a single - deconposition, that
of either tRB¥PFESphysical nodel or of t he geophysical inmage, thus .
simplifying the subsequent WO 95/ 34037

PCT/ US9p4 06555 the present method (68 in Figure %%, the W Ysis tasks
as conpared to prlor ar t technlques whi ch

acquisition cube is decomposed into horizontal traveltime
slices which are parallel to or coincident with the depth
slices. For example, Figure 10 depicts a perspective view
of cube 20 in which individual depth slices 30 are
15 presented in exploaed'form. As discussed above, depth
slices 30 subdivide cube 20 into horizontal planes. These
. depth slices traverse the entire depth of cube 20, from
surface 18 to basement 19 (see Figure 3). In addition,
however, traveltime slices 31 are interspersed among depth
20 slices 30 such that, in this example,: each group of seven
consecutive depth slices 30 are followed by a traveltime
slice 31 which itself is c01nc1dent w1th an eighth depth
slice 30. These coincident slices are referred to
hereafter merely as traveltime slices 31. Each traveltime
25 sliee 31 represents a horizontal slice of analysis cube 20
to which both an analysis point grid is assigned, as
discussed above, and a traveltime point grid is assigned,

as further discussed below.




soneti nmes réﬁk he deconposi tion of the | nput dat a, I nter medi .at e
results, tput data into conponents whi ch can thME% MD6SIS

di stributed within the MPP. For these 5 reasons, the conbination of the
MPP system functi onal br eakdown descri bed above and this depth slice
-and aperture specification technique provides MPP throughput
capabilities not obtainable by prlor art qg%hods B.

Traveltine Field Specification determ ning the contribution
that a specific seismc trace nakes to an analysis result at an

anal ysi s poi NtThe! kd ghtave) tonee Gaadciglliree Wd e ddite Boitie 6s Bk

recei ver tonbination associated wth the trace and the anal ysi s poi nt
must be cal cukatde a@%ﬁ%&ﬂlﬁﬁ WN&ERQt%Qﬂ%'JﬂprléﬁﬁﬁﬂﬁﬁﬁaﬁﬁvelE@WEQS%Seps.

First, the t It | { t h | t
s, cal culat cathiy: BV e ARRSHRIS o kg &7 R e
receiver |ocaghar it aahathaed chd idldels dNGSRddibors id el LIPBS e

sutmmed to give the total two way 20 traveltine for that source-receiver
conbi nati of andhisre factcmsmlwhsich pdilit be well knowBe de schage Va1 1 hesd dit a

are a necessar I nput in sei sm nal ysis, travelt data storage and
comuni cation® Ialrgnge?@(%'r @’@r%ﬁf r@l WC{WW%&? toyraghy ive
chal | enges fage S t Ng, [ to
t hose chal | en%e%c‘i@sé#{%e ﬁ%lt qq%lg@ﬁf%téﬁ? %b% hgelzf egl O(?l % hl&@# of
anal ysi s cubetgavelitdie plaifisnidhet Haressititrisnicaidd asiy athe T80 NY

target-oriented WO 95/ 34037
PCT/ US95/ 0655processor. Furthermore, certain datasgrs may allow use of
10 a relatively smaller number of traveltime slices, for
example as a result of a relatively simply or reiatively
slowly varying traveltime field, whereas other datasets
. may require relatively mere traveltime slices as a result

of more complex traveltime fields.

15 Preferably, the ratic of depth slices tc traveltime
slices is a power of 2 (i.e. 2:1, 4:1, 8:1, etec.). Power
of 2 ratios facilitate use of faster integer arithmetic
calculation routines, which in turn facilitates use of the
dual imstruction mode c©f the processors used in the MPPE.

20 The dual instruction mode allows both floating point and

| integer calculations to be simultaneocusly performed, as

further described below under Data Processing - Analysis.

Figure 10 can alsc be used to demonstrate the
strehgths and weaknesses of the depth slice assignment
25 approaches discussed above. Assume, for example, that a
single analysis PE is assigned the seﬁen depth slices 3C
sandwiched between traveltime slices 318 and 31C. It is
well known in the arxt that traveltime data are required

from each source and receiver location on surface 18 (not



seismc ng. Processing as to other portions of naIyS|s
WY £53081 pr&gé‘ggﬁ@ BPfort.

cube is not perforned, thus reducing the overal | A
second option, comonly used along with target-oriented processing,

i nvolves the "5 conputation of two-way traveltinmes shortly before or at

t he instant the traveltine is required by the processing al gorithm

This "on the fly" calculation of traveljignes avoi ds the necessity of
providing for traveltinme storage on conputer disk, but requires
repetitive calculation of 10 traveltines. Both of these commonl y

enpl oyed téﬂﬁﬂ%@u@@ Figuredh®h to eaghaspsilysiaadpohner pneeathodepth

Target-orie pr ocess ess degirable than fuII cube processing
for the dat fee #ﬁt%?ﬁ?ﬁ&%fl%ﬂ Bﬁﬁggrmai ES%EF& RAGFAMLIFNIRRB art, because

15 a smal |l g5a1p808 £68ULhe @Opihi gPitbe 'fﬁegﬂé%@é?gﬂgcagahs%th Cbased-

In addition, conputation of traveltines ost and
tinme to thdummsvarj mrame$81mg data aféondt prgooﬁpnaéﬁ khdl kabireds in the
hi ghly gost titive proce53|ng i ndustry The present nethod 20
provi de rﬁﬂlbv%cl?r W.%l%t% acle‘é%sr%heéaeﬁe onlyppseessputed t he MPP

by precom%&%%g&ytfa&g?#frﬁé ceg§ dde&;ﬁﬁ'?ﬁgé E)flet eggﬁg Z?:'g%Emry

travel ti ne anC| ng use o

and | IputWeati Pt a O LIRS C@Ii@éls I 3m8azf1@r31c angber &kagpl Baegbndat a
fromtape to disk mass storage devi-ces to the processors.

The presentSkigeciPBy oleﬂ%sama]lESiﬁpPE)v@ﬂsmeésdeyth sliagél 30Bnyiadl
ot | Yl CE LR LR et s %RRTSLEL Ol o
PCT/USQﬁlog%giy51s PE will then be required to interpolate from
slices 31B and 31C to depth slice 30B to determine the
correct traveltime on which the seismic analysis is to be
based. Because the PE will be required to berform that
interpolation for eacb analysis point on depth slice 30B,
15 it will be required to maintain the traveltime data for
slices 31B and 31C in its memory while those calculatlons
are occurring. If an analysis PE is only a591gned all or
a subset of the seven depth slices between 31B and 31C,
then only traveltime data from slices 31B and 31C must be
20 retained in that PE's memory for subsequent interpolation
use. If, for example, an analysis PE is assigned depth
slice 30A and 30B, the analysis PE must retain traveltime
slices 31A, 31B, and 31C in memory for intefpolation
purposes. The additional traveltime slice requires
" 25 additional local memory and increases the I/0 and
interpolation burdens on the analysis PEs. ‘Both of the
loéd balanqihg approaches discﬁssed above suffer from

these constraints.



-46 - ry relatively slowy in space throughout l ysis
cube. As a“@@%%ﬁ%ﬁ traveltine data can be stored for a sufg%?m@$%

| ocations within an anal ysis cube, as conpared to the nunber of

anal ysis point |locations, 5 without |oss of interpretational resolution.

Vel | - known I nterpol ati on procedures can be used to conpute

traveltinmes for the analysis points, sourggglocations, and receiver

| ocations which are not part of the traveltine -subset. 10 In
the present nmethod (68 in Figure 6), the data acquisition cube is _
deconposed i nt o hofFozofihgise zeaactise the prafernedisrbodineparef |Bheto or

coincident with the dept slices. Far, exanple, Figure 10 depicts
per spective vPEREER® “%fﬁ%ﬁo@sﬁi’gq‘? \ﬂﬁ‘t#]i%?ﬁi?%‘ﬁaqe WF | PRERY Qe 15
presented in gxpleded fidneo Andl SHISAE AYE. HoAMbrmore S/ 11 QS
subdi vi de cube %%ﬁi nt c%' hor i ?ont al pl a’nzﬁ;d These dex|E)m:tl res'l iii:rg?l%a?gverse
the entire dephbotimemnte e2th fanmbysis BRIrifencesdilyrend ek st d ) Sees

Figure 3)._ In_addition, however, traveltinme slices 31(@Je i nt er spersed
anong depth 26etyerscfash SANBGWNIVE PRI Oh laRelting Bl of seven

conseeut | ve pitiay. o5, Bt iR Ul Tacse o |80l vl

itself is coin ese coi*ci dent

slices are refghces ¥® travSiSdd ¢livieds a1y avilid MesliesEdm EREh
traveltine 25 slice 31 represents a horizontal slice of analysis cube 20

to which bot htypisadl wsiss yssingapl @ff hagigraprasinatelylissussibtumbele,
and - travel tig BOL, 97 Ads U Sharyes S ol Mol SEuasr, DELOYS
10 128 PE MPP, where 119 analysis PEs are available, 952

depth slices would result.

This embodiment of the present imvention is
demonstrated in Table 1. Irn this example, the analysis
cube is decemposed into depth slices at ten meter

I35 intervals. The surface is assigned depth slice reference
number 1 (DS81), the ten meter depth slice is DS2, twenty
is D83, ete. DS1 through DS8 are all assigned tc
processcr number 1 (PE1l}, DS9-16 are assigned to PE2, etc.
The surface is assigned traveltime slice reference number

20 1 (TT81l), but because of the eight to one depth slice to
traveltime slice ratio, the next traveltime slice occurs
at a depth of 80 meters (TTS2), and so on. As discussed
above, each analysis PE requires two traveltime slices for
interpolation purposes, and therefore TTS1 and TTS2 are

25 both transmitted to PEl. TTS2 and TTS3 are both
tranemitted to PE2, and soc cn. This assignment pattern
continues downward to basement 19 of the analysis cube

(Figure 3).



-47- WO 95/34031€ eight to one depth slice to traveltine j ratio
depicted in Figure 10 is for denonstrative purposes o%ig/r?&zfﬁ' 55ﬁay vary

dependi ng on the nature of the dataset that is involved, the nunber of
processors in the MPP, and 5 other factors which will be well known to
those skilled in the art. For exanple, the nenory available to each 1/0O
processor will constrain both the size_-gpd the nunber of travel ti ne
pl anes that can be transmtted by the I/0O processor. Furthernore,
certain datasets may allow use of 10 -a relatively snmaller nunber of travel
time slices, for exanpl e as a reddBLEfL a relatively sinply or
relatively slowy varying traveltine field, whereas other datasets
may require reegddnely norge vel time L ges as ls C0f  mpre
conpl ex tr av%&?ggsfi el dsgpy £r | Prggi_t%abl Y, T?@%’%ﬁgtﬁng o:fTraaev{ﬁthq‘? ces
to travel tinme 2lices 185 Hover olg (e 21 A°EF 8:1, efEifF®  Power
of 2 ratios facilitate use of faster tTREIF%arithnetic - - cA_Agedn
routines, which in turn facilitates use ¥ the dual instructitwn node of
the processors used in the MPP. 20 Twralysdsinstruction node zaldlopsidot h
fl oati ng point and i nteger cal cul atpafs to be sinultaneousl ypggrforned,
as further odescri bed bglsgw under DapgiProcessi ngrgiAnal ysis.
Figure 10 canig so be usedpgg denonstrapgqt he strengt hs and weaknesses
of the depth sljce assi gnnpgal 25 appr ogghes di scussed above. Assune, for
exanpl e, that E) single ggal ysis PE #’% assigned the seven depth slices
3C sandw (? ed bet ween PPiveltine sl &s 313 and 31C. It is wel |
known in the &% that travBPPime data aPBlrequired - fromeach source an'
“receiver |ocati%n on surfab8618 (not  PEWD 95/ 34037
PCT/ US95/ 0655%0 DS7 PEl - 48- ., Shown in
Figure 10) to7®ach anal ysi pspoi nt on eaplkidepth slice 30 in order to
perform a desigiped sei sm c gaba anapgsi s for therndepth si,ﬁ?e.l,ﬁa t he
present nethog, - howevggqgtravel ti nggdata are not preconpu éd and
stored 5 fﬂr0 each dept hDghce 30, btrJrEE5at her "are only preconputed
110 Ds12 PE2 '
120 DS13 PE2
130 DS14 PE2
140 DS15 PE2
150 DS1e6 PE2 o
160 D517 PE3 TTS3 PE2, PE3
170 ' DS18 PE3 a
180 Dsie . - PE3 -
190 Ds20 PE3
200 DSs21 PE3
210 Ds22 PE3
220 DS23 PE3
230 DS24 PE3
240 | DS25 PE4 TTS4 PE3, PE4
| l l | _ |
| | | 1 |
| I | I l
Basement : :

Decomposition of the analysis cube into the above
described depth slice and traveltime slice structure
5 facilitates traveltime calculations. However, this

structure will only allow optimized traveltime



for each tgayedddhspe slice 31. Consider the depth slices %@%@gﬁs

traveltine slices 31B and 31C, for exanple depth slice

anal ysis PE assigned depth slice 30B will require traveltinme data from
both slices 31B and 31C. The 10 analysis PE will then be required to

I nterpol ate from slices 31B and 31C to depth slice 30B to determ ne

t he correct traveltinme on which the_ggLsmc analysis is to be

based. Because the PE will be required to perform that i nt erpol ation
for each anal ysi oint on depth slice 30B, 15 it will be required to

mai ntai n the a& atiengdoy ¢ach PE xfl%@s@ﬁﬂiﬁa&ﬂtBﬁfavaétmmensnorggahlIe
t hose cal cul ati gns, are. occurr |f an an sis_PE Ls.only assigned
all or SSipu g %h%li%vle%e%ept the, fed "Bot ubint sabfsfteder
th ly t b

en only tr Aeldd St deds Oy ShécoRsMS A PILuLYSE. eﬂa@@ S5GLEL" g '”n

that PE's nenory for subsequ I nt er pol a exanple
anal ysi s PE icn aastfaesel Heptépresestsce ﬁ@ﬁnanﬂr@ﬂBWhihn ﬁﬁﬁ#ﬁﬁtim@E ﬁuSt
retain traveltlne slices 31A, 31B, and 31C in nenory for interpolation

pur poses. 2ThéakdBnabygls ipalets  whtain caube (29 resstrbe sgalendated| Soxl
d o) b th
P Born of SRRl Sty Miconainl AR BLPD HAEE e 0LvaE BB om

~ these constrajiduwn) on sWE&&é 3¥3rfepresents an additional point £xrom

PCT/ US95/ 06555 - 49- For these
reasons, ttuawh%ﬁhﬁﬁxﬁwa&ﬁmmh$mﬁm alltamalysis (peinns withid esbegns

equal |y- i zed, cont Juous. of QUBS Oy o oe SEB! Mo 11 065 0880, AnakySi & PE

| 10 receiver is in effect the surface reference location of a
three dimensicnal cube of traveltimes from the sﬁrface
reference location to all analysis points cn all depth
slices. ¥ach separate three dimensional cube of
traveltimes for each such location on surface 18 will

15 contain a unigue 3-D matrix of traveltime values. |

Finally, the overall dimensions and total volume of each

cube may vary between surface locations, as further

described below.

To facilitate calculation of these traveltime cubes,

20 a traveltime point grid is assigned to each traveltime

| slice 31 {70 imn Figure 6). BAnd as with the traveltime
slice decomposition, the traveltime pelqt grid can
generally be coarser than the analysis point grid as a
result of the relatively slowly varying nature of the

25 trraveltime data. For data handling convenience, the
tfaveltime peint grid in a-pxef@rr@d.embodiment of the
present invention is defined or each traveltime slice so
as to overlay the analysis peoint grid, with segquential

traveltime points coincident with amnalysis points, but



enbodi mnent each analysis PE is assigned all depth slices 5 hetween each

consecut\OSSBM3? of traveltime slices. Finally, in th&®CHUSPEPGSET

enbodi mrent the ratio of depth slices to traveltime slices is 8:1. This
results fromthe typi cal anal ysis goal of having approximately a

m ni. mum of 900 depth slices in the analysis cube. For exanple, for a
10 128 PE MPP, where 119 analysis PEs are available, 952 depth slices
woul-d result. Thi s enbodi ment "8t he present invention is
denonstrated in Table 1. In this exanple, the analysis cube is

deconposed iyih degd i SbhSESaRh1y80s"BbeAt s1PntbREREYabE: bethiBeflihace i
assi gned depth slice reference ¥ nﬂ%ber 1 (EBl),ﬁthe tenene?8§ gé%th

slice is DShrawelhtime poist®S3, GeheralD@| theotghvBb8imeegatill aasi peed to
processor nupber 1 (PE1l), DS9-16 are assigned to PE2, etc. The surface

i s assi gned 9953318 nBUCh | ERat ek cFREBLIAURBeAR2bYSis(9¥Ed) depgite&Quse of
Fhe o el ! _ ev = S .
e eg :5%HU%£E¥EQ §£i§ed%§s%;%e%%ﬁfgﬁ%éggﬁé éCSrE$§§§y, g Qggkon. As

travel ti me | ce occurs ers and's

di scussed thehdsschesCicanedysraveringusleset vatibavakel BE sl beerf or
i nterpol ation purposes, and therefore TTS1 and TTS2 are 25 both transmtted
to PELl. TTSPRtvansstie obhorpalysistguhdniensityotpPeRravadtineogridni s

2o DRI RS a110w8 U BHRS, (QHOYRI fat SR8 MBRE 1R:LpbRg 4R VS S

PCT/ US95/ 0635 -formed during the Data Processing - Ana¥ysis phase b
TABLE 1 Dept h g Dept h Dept%_ TrgveltPneseTrXVeltine
(Meters) agilircrediaking ad@&intage of tleide#l instruStiom calculation

fgSIQHGqO mode, as more ﬁgfignggscribed below. He

As an example, Figure 11A depicts a plan view of a
typical traveltime slice 31 of cube 20. Traveltime grid
points 29 are showﬁ, with analysis grid poinﬁs 28 between
each éonsecutive pair of traveltime grid points. In

15 addition, each traveltime grid point 29 is also the .

location of an analysis grid point.

As noted above, traveltime data are required for each

location of a source or a receiver on surface 18 in Figure
3. Howeﬁer, the slowly varying nature of the traveltime

20 data also provides an opportunity in a preferred
embodiment of the present method to reduce the number of
traveltime cubes that muét be stored. Specifically, the
coarse grid of traveltime values used on each traveltime
slice may also be applied to surface 18 to reduce the

25 number of traveltime cubes which must be calculated. Use
of that grid on surface 18 reduces the number of
traveltime cubes to be computed from the total number of
locationsICf sources and receivers on surface 18 to the

number of points in the traveltime grid. For reference,



Anal ysi's wo 95/34037 Anal ysi s ' PCT/USSS/06S3PEH

PE# 0 DS1 PE1 TTS1 PE1 10
DS2 PE1 20 DS3 PE1 30

D4 PE1 40 DS5 PE1 50

DS6 ' PE1 60 DS7 PE1 70

DS8 PE1 80 DS553 - PE2 TTS2
EE;, PE2 90 - Ds10 PE2 ..~ 100 DS11
PE2 i%g the travelt%%ﬁ surface rq?{ezzrence lq_lcz%%tion for %g%@

PE2 150 : £ 9 P ;

PE3 T.F@veltm&%@% will bei 7¢gé7mputed é@é)Dxéel%erred t@SiﬂﬁEghe
180 f31dwing as tFFfeltime ISfations 32 (DS2@epicted inPE3
200 DS21 PE3 210 DS22 PE3
220 Weagre 11B).  PE3 230 " DS24 PE3
240 DS25 PE4 TTS4 PE3, PE4

Basenent COMPOSi{ i bt ' bg; d i '
descri bed §ept h sl i% Ia%?ﬁr%i/}grp?“?ﬂrreﬁgéﬁ%%a%%gbi%ﬁge&lﬁ%%gla%#igi tégf tége

travel time calul@ionfe chlweySiocidisd withteackureaveltinal Joahtdan
optim zed traveltime WD 95/ 34037
PCT/ US95/ 065552 can be predetermined using an estimazyed velogif¥uPgfedns

The need for tHHl et LFBHc Face HLEDHER. COREEht LBy ETBLGAS Yol A0CF gur e .
Each source Z%eccnds. The estimate determines the maximum range within

10 the analysis cube a trace car propagate, thus defining the
maximum subsurface volume for which traveltime values must
be computed. For example, Figure 11B depicts a plan view
of surface 18 from Figure 3, with only one traveltime
surface reference location 32A shown for convenience.

15 Using the maximum range calculation, the maximum
dimensioné of the traveltime cube associated with location
32A can be determined. The surface boundaries of that
sraveltime cube are shown in Figure 118 as boundaries 40A,
40B, 406C, and 40D. Note that boundaries 40A and 40B both

20 1lie on surface 18 in this example. Furthermore,
boundaries 40C and 40D are both coincident with portions
of the boundaries of surface 18. These boundaries define
the surface of a three dimensional traveltime cube, as
shown in Figuie 11C, within which traveltimes from

25 location 32A to all traveltime points must be determined.

Figure 11C depicts a perspective view of traveltime
cube 42. This cube represents a three dimensicnal matrix
of traveltime values, where each value represents the

. eraveltime frem locaticn 32A to a traveltime point 2% cn a



on surf awe 9584032pr esents a point fromwhich traveltinmes t@criusosidssanal ysis
points within cube 20 nust be cal cul ated for subsequent data
processing. Simlarly, each receiver (not shown) on surface 18
represents an additional point from which traveltinmes to all analysis
poi nts within cube 20 must be cal cul ated. Therefore, each such source
and 10 receiver is in effect the surfacad—reference |ocation of a

t hree di nensional cube of traveltines fromthe surface ref erence

| ocation to si_§:pQi Ats o || th slices. .Each separate

t hree dinen%?%%%?ggh%esgﬁgg aﬁfra@gﬁfi%%%Qf5peé§aﬁqmﬁﬁiq(iﬁnQQﬁ% n surface
18 will 15 ygeat geflezikAlaye id Phidt discisslibayeld irdFetaléeeny thrddnally,
t he overall dinensions and total volune of each cube may vary between
surface | ocdimensionslf yeilhme; fordexempiled lelaywltime cube 4o wWiddilitate
cal cul ation of these traxel%ine cubes,, 20 a trav Iting_point gridis

assi gned t oPebcRECREFartiePe SYMOELLdcy fPOHE SHuE; GREIGH 3P with the
travel tigre ag iﬁhELEStQQC%Pﬁibh'.r_‘élnalﬁ?e1fo_rc%‘é§5:§1: g‘%é;g‘lg“bi%e‘?i can

generally be coarser than the~anal ysis point g result of the
rel atively sioghylyatgiwagdsabouadatiklse 428 anbaveD,i madlaild gHury dadsy
handl i ng conveni ence, the - traveltinme point-grid in a preferred

enbodi nent BromhboundagieseAPA aRENE08n | SegeriSteprOTessdmI ravel time slice

SO as toQ overlay the_analysi in rid, w.th ential,_.

Cravel tine SOTHOEEEPE ALR: et BoRRsryerl chne bt e Pk o ofioa7
PCT/ US95/ 066Ré data acquisition cube which has sour®és and/oxM th _
addi tional analysis points interspersed between the travel ti me point
Gener all0y, reeeivevel whishgcodteribube to thgesnglysisugiesudats.the ratio of
anal ysis grid de

TSLté to travel tine %&:d.%grsit IS faqur-to-one or
nore. As V\Afﬁa"% ERB=geprR §PFC86F655P§Ve e S | % e/':rh:?t. b @OREHP pover
of two ratipenef3apal ¥8hhigitdonersibeY ! THeR¥Re, M Aved time cubes
will also not generally extend outside that portion of the
data acquisition cube. In the example of Figure 11C this
15 constraint on the traveltime data fequifed for data
‘processing leads to the asymmetfibTPBSitioniﬁg of the cube

with respect to surface location 32A.

Three dimensional traveltime fields can be calculated
for storage using this traveltime slice and traveltime
20 cﬁbe structure (72:iﬁ Figure 6) using any one of several
_techniques known in the art. For example, two-point ray
traéing techniques involving raybending or homotopic .
methods could be used. These techniques evaluate
traveltime fields by computing the arrival times from rays
25 from a given surface location to specific subsurface
locations. Ray shooting techniques determine arrival
times on a regularly spaced grid by interpolation.
Eikonal equations solve the wave equation to determine

first arrival times from given surface locations.



H

density al lypyssS4¢at her optim zation of the interpolation PCRREH QAR

during the Data Processing - Anal ysis phase by agai n taki ng advant age
of the dual instruction calculation 10 node, as nore fully descri bed bel ow.
As an exanple, Figure 11A depicts a plan view of a - typical traveltine
sl'ice 31 of cube 20. Traveltine grid points 29 are shown, wth

anal ysis grid points 28 between each.ggnsecutive pair of traveltine
grid points. In 15 addition, each traveltine grid point 29 is also the

| ocation of an analysis grid point As not ed above travel tine

data are requ@"@@@lflé’ GxaPh theqiat A9axrhy it eChIARS otnvo} eies \BeTmat ' 5
surface 18 'ngégﬂég%le Getdrm %%M?ﬁg miﬂ% (Q%ﬁ'Qgiyéﬂ@%p§%§r§lffré

traveltine 20 SO Provi des an opportuni ty ih

enbodi ment of 1llasriRie 3L HurRidwd dent s oy tdTEL rwms ofn thetraveltine
cubes that nust be stored. Specifically, the coarse grid of traveltine
val ues used omubseirfiacesel tBagh Of tr@S&émw belappreeuize theface 18

to reduce the 25 _nunber of trav ubes whi ch pust be cal cul ated. Use
of that gr%d @Paégﬁﬁa&?iﬁ¥ 43%? gReed, TR ne®¥%bes to be
conputed fromthe g{)ﬁ be welOHULRILR LROWLES affleTeREbUCTS
on surface 18 to t er of points in the traveltime grid.

r ef er ence, diﬁ@n&&b&éﬂSElmLte difference solublcn of the eikonal

PCT/ US/ 95/ 06555 ' the traveltine

surface refer@%@%ﬁfbr%—wl%ﬁcﬂﬁ’ co- H@WS@@%WI@BWQM% ed

“are referred I;L% i n lﬁg)gﬂ3} %’fﬂ%%}gﬁ rﬁﬁk#%@@%ﬁ% lﬁ% ﬁ%ﬁ?ﬁe

deplcted in
di mensi ongg of dtlﬂ@nsm,aﬁdla\&évmﬁm@%mlﬁ*e%% tin egeds thieedd | MeThe
| ocati on 32 can be predetermned using an estimated vel oci.ty nodel

traveltime fields to be stored may be computed on the MPP
on the hest computer, or on any other convenient computer

system.

Each traveltime cube extends from surface 18 to
15 Dbasement 19 of analysis cube 20, and ipq%udes data from
| all intefvening trével@ime.gli@esv3l. To minimize.the
memory burden required to store the traveltime data within
the cubes, which are often referred to as traveltime |
£ields, absolute traveltime values are stored only for one
20 wall of a traveltime cube, for example wall 46 in Figure

‘31‘1

11€. Traveltime values for all traveltime points on each
traveltime slice throughout the remainder of the
traveltime cube are stored as incremental values (74 in
Figure 6). For example, for a traveltime poimt location

25 whese coordinate reference is X=20, Y=60, and 2=70 |
({20,60,70} for short), the absolute value at wall 46
would be stored (reference location {0,6C,7C}). The
traveltime value at {10,60,70} would be subtracted from

the value at {0,60,7C}, and the difference amount stcred



and the input trace |length, which is typically eight seconds. The

esti mat &%&@Pm nes the maxi numrange within 10 the anal Y<SVES¥{MESa trace
can propagate, thus defining the maxi num subsurface vol urme for which
travel ti me val ues nust be conputed. For exanple, Figure 113 depicts a
pl an vi ew of surface 18 fromFigure 3, with only one traveltine _
surface reference |ocation 32A shown fo% conveni ence. 15 Using the maxi num
range cal cul ati on, the maxi num di meR&ions of the traveltime cube
associated with | ocation 32A can be determ ned. The surface boundaries
of that at r fue| 60 reoyubeTheedsfoepente Fbguweehl3 205 sboundamnas 40A,

403, 40C, and 40D. Note that -boundari es 40A and 40B both 20 |ie on surface
18 in this ék%n@ﬁe70}Fﬂﬁvhérhﬁrétored Bbunafs Fes720C afe gompate Isdeh

coi nci dent ons of _the bo rface 18. .These
boundari es %% %%te r?ﬁslébW?a8898? £ g?éegg ﬂéAsHBHéPgtFﬁﬁéVFﬁﬁé cube,

as show_nnénvglaeéeaélqlzowsbhva}ml{@b tbavel}tl BRS f{bO@oZSo}l eRiigon 32A
to all traveltine points nust be det er m ned Figure 11C depicts a

perspecﬁlvebaleummédtraWbLS|method 06ubeoningThrsve&bemeega@senmSaa t hree
di mensi onal ravel ti where each val ue represents

ues
The O APk AL OTBAT| BRUBFER BBRvELEANE, 56 OPaReCaBRRiEYS on b W

95/ 34037 £ he diff BEELUSY5L0
-54- t?%%%?%?ﬂ%ng |cgr35 ehb%e ? enc?hgm?ern1g§§e i§§§§§Fn°f used

generi cal | yewa, t &6 Scohpanedi oo ther ehpacioyapgqulirement fordisterdinenal
vol une; for exanple, traveltine cube 42 _w ]| not necessarily be
symetric AR lube f ¥R bUeBecat PBAiRgABNARYRLS) naFcaPER Ll A CFVgdies] aze q

|ocat] 9 32A4d PLASES: comoBLLOGLLY LARLASCRAUIIaLReS10C Bpd 4g0 and

slightly r'es 40 ecalse processing

conput at I Or@rélr&eﬂ@{:mﬂﬁéﬁpr aﬁd gHésifleremehBalpoatiued Qhpackedhandat a
acqui sition cube which has sources and/or 10 receivers which contribute

to the analysed tesdetermine thavbravedtimeevaduenstetber yogatdiode off t hat
portion of . e da 84 acg h5|%%on cube. Therefore, traveltine cubes
will also nﬁ?tﬁﬁﬁﬁFaV}é Rt &R side that portion of the

During analysis of seismic trace data, the traveltime
15 - cubes stored for each traveltime reference location 32 can
be directly used to determine by’intérpolation the
necessary traveltimes for any sources and receivers which
are located coincident with a traveltime reference
location 32. For all other source and receiver lodations,
20 a computation is required prior to the interpolation

before determining the necessary traveltimes, as follows.

First, the four traveltime surface reference
locations 32 nearest to the surface location of interest
are determined. For example, Figure 12 depicts source 24
25 sﬁrrounded by traveltime surface reference locations 32A,
32B, 32I, and 32J. Second, the surface boundaries of the '
traveltime cubes associated with each of the four nearest
traveltime surface reference locations must be determined.

In Figure 12, the cube associated with location 322 is



data acqui §iddsagsube. In the exanple of Figure 11C this %b%b&s%%m on
the traveltine data required for data - processing leads to't i o

asynmetric positioning of the cube - Wi th respect to surface |ocation

32A

Three di mensional traveltinme fields can be cal cul ated

for storage using this traveltine slice and traveltine 20 cube structure
(72 in Figure 6) using any one of severaLﬁ7= techni ques known in the art.

For exanpl e, two-point ray tracing tec
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15

20

surface reference locations 22 do not have asscciated
traveltime data, and therefore nc interpolation can be

carried out.

Whether traveltime surface ﬁeﬁerence location 32 is
coincident with the source or receiver lccation of
inter@$t, er the four locations 32 adjacent tc that
location of interest must be determined {as in FPigure 12
for scurce 24), an interpolation will generally be
necessary tec determine the traveltimes to each analysis
point of interest within analysis cube 20. One approach
taken to perform the interpeclation is depicted in Figure
13, which is a perspective view of analysis cube 20
similar to the perspective view of Figure 10, except that
for elarity only two traveltime slices 31B and 31C and one
depth slice 30B are shown between surface 18 and basement
19. For convenience, only one anaiysis peint 28 is shown
on depth slice 30B. Cn surfacé 18, source 24 is shown as

being surrounded by traveltime surface reference locations



the cu Ach are often referred to as traveltine | < cgbsol ute
travel ?ﬁ?egség 3‘Zes are stored only for one 20 wall of a tl}éédl’ggg@%gcube,
for exanple wall 46 in Figure 11C. Traveltinme values for all traveltine
poi nts on each traveltine slice throughout the remainder of the
traveltinme cube are stored as increnental values (74 in Figure 6). For
exanple, for a traveltinme point |ocatigg- 25 whose coordinate reference is
X=20, Y=60, and Z=70 ({20, 60,70} for short), the absolute value at wall
46 woul d be stored (reference location {0,6C 70}). The travel tine
val ue at 328, 682F0}33bul anBe33dbt r BacBdofr shese suhfagsl yefgrehess0, 70),

ggg/ngS?I fergfggs nggnénségéggiated Mggggigﬁgg7cggg_(not Sh&ﬁn@10,60,70}_

The di ff ergpcendotyees $20eROn?0ioaRdich cohtQifl FOhveauligebe stored at

{20, 60, 70}. To conpute the absolute traveltine value at {20, 60, 70}
during analiyfesmation theezchubravelf@e6peifl, ofi18a68, T@hvedndmel, 60, 70}
woul d _5 be sunned._This fethod of storing traveltine data_in a packed
f or mat Jr edtekle t r SENHHEE %to?%§%1¥%ﬁa3?tgs surrppRgere R¥NESUEOr t he

i1 er ence. ALDUN fnbYadr£46L OboPhronce 100ar 2608 OTHBEpbn) GrgRRaCl Ly

requirenme storing ol ute val ues. anal'ysis, as absol ute

val ues arexldd ¢efithiedcfaveoimet bhfofmat hénabsoktth vehvestaimewal | 46
are determ ned, and the increnmental val ues unpacked and used to

det er mi ne RONE rol e2ahet vavebt imet nbirecat Howewer, travalSimes anthin cube
42. the tiaVd{0iR0LYPL8s 0080080 SubEREHR! Arat gt LRYCLLLTR P
100 traveltime from source 24 to analysis point 28 and -
continuing on to receiver 27 is required (This time-is'
commonly referred to as the two way traveltime). The
foliowing eight step procedure (Figure 16) provides one
method which can be followed to compute that two-way
15 traveitime. ‘The first seven steps of this procedure
involve a vertical interpolation within cube 20.(between
slices), whereas the eighth step involves a horizontal

interpolation (along a slice).

First, because each surface reference location (i.e.

20 327, 32B, 32I, and 32J) is associated with a unique
traveltime cube (within the intersection region defined
above), each of those locations will involve a unique set
of traveltime values on slice 31B. Those four seﬁs of
values associated with slice 31B are collapsed in the

25 first step (120 in Figure 16) to determine an averaged set
of values on traveltime slice 31B which represent the
times from scurce 24 to all traveltime grid points on

slice 31B. Second, the same procedure is followed to



15 cubes st®¥PAFMBT? each traveltime reference |ocation 32 caRCTASIHRESSS
directly used to determne by interpolation the necessary travel tines
for any sources and receivers which are |located coincident with a
travel ti me reference | ocation 32. For all other source and receiver

| ocations, 20 a conmputation is required prior to the interpolation

before determ ning the necessary traveltimgs, as foll ows. First,
the four traveltine surface reference | ocations 32 nearest to the
surface | ocatdepephihat areaveragedabecdekeiained. sreh 8vamke 24Fikgure 12
depicts source 24 25 surroundeg by traveltime surface reference |ocations
32A, 32B3180e, 34Rd(323. iseFdpuret R6)surface boundaries of the
travelti ne cubes associated with each of the four nearest “travel tine
surface reference aiions nust -be t erm ned, . In. Eiqure,12, the cube
associated with |o%§§i%ﬁg§§A?F§ £88x 5%?3503;24 and 126 Ia Figure 16)

PCT/ US95/ 06558re identical to the first and second géépsf exc%?%w%h%i
ace , etc.

having traveltinme surface 41A, |ocation 32B has sur
Third, an3di ntehsefocoa isgonnthehtraveitimes fheth thgi surfageomeferanicef our
cubes, nust bge determ ned. This determ nation is_necessary to

facilitate tra9ePEinRs sYTroRpding) Zereavern2iti guht the cemPagbApneof
hat ched ., 4 , ' ' f all f
curfaces aia "uTR, E4HFO65 634, ERRETELhS pPOCLRLEEPERLCQe' of fobldl 1 |

whi ch travel ttr@vebt dmésr ahieconubgetr a6g0gkabeder travkibimkk hewr surfaces
41A, 41B, 411, and 41J can be used 10 to determne traveltinmes for source
24 by interpieR¢ohated with slice 31B and cne set of source
10 traveltimes and one set of receiver traveltimes are
associated with slice 31C. These four steps can be

performed in any order.

Fifth, the source and receiver traveltimes associated
with slice 31B are summed to cbtain a single set of two
15 way traveltimes on that slice (128 in Figure 16).
Similarly, in the sixth sﬁep, the scurce and receiver
traveltimes associated with slice 31C are summed toc get a
single set of two way traveltimes on for slice 31C (130 in
Figure 16). These two steps can be performed in either

20 order.

Seventh, the two way traveltimes on slice 31B are
collapsed with the two way traveitimes cn slice 31C o
obtain a single two way traveltime field for depth slice
30B (132 in Figure 16). This field only encompasses all

25 peints on the traveltime grid, however, which is coarser
than the analysis point grid on slice 30B. Therefore,
raveltime values will nét generally exist at the end of

this step for amalysis point 28, but rather will only



Cut si de intersection one or nore of the traveltime f
WOYsaldy POTIEEE

ref erence 1"0Cations 32 do not have associ at ed ~ travel

therefore no interpolation can be carried out. 15 . Whet her
traveltime surface reference location 32 is coincident with the source
or receiver |ocation of Interest, or the four |ocations 32 adjacent to
t hat | ocation of interest nust be d Pgrnined (as in Figure 12 for
source 24), an interpolation will generally be 20 necessary to determ ne
the traveltines to each analysis point of interest within analysis
cube 20. Oexixgprimichadjacentkenavel piméognidhpointer paRat B3R, i 33Qepi ct ed
in Figure 13, which is a perspective view of anal ysis cube_20

sirilar toﬁﬂﬂa%ﬁﬁsuxﬁ&QQ%hvi%%ﬁofl¢$b%Ye ap, hextzprte a%ntESPOiBFiEParity
only two tri%v%éf%géqgt?%n%gafﬂdtﬁ%CcﬁggeggfmeF\é?lggpfgr.séhgfyggg sre

shown bet ween *Sur asenen conveni ence; only one

anal ysi s pgidint2&8 s(E3wWn Figupse depth BhisehsPBzofbaturface 18, source
24 is shown as bei ng surrounded by traveltime surface reference
| ocati oAs inteypeARipa7involves two dimensional interpolation

PCT/ US95/ 06555 i q - 58- 32A, 32B, 321,
and 327, BERIFHIUHRsPE37 iRETEPR kRS Pilipgay; ?‘Bﬁ?rﬂaéagﬁbﬁﬁoci at ed

travel time guhe, (e wdPWRnown i€Xt€&dipE.to baserment 19 which contains
travel tine information to each traveltime point on each traveltine

As stated above, traveltime cubes are required for

each traveltime location 32. Thesé travelﬁime cubes are | '

10 stored in files on a fixed line-by-line séquence’in high
speed traveltime mass storage. Referring ﬁo Figure 3, the
files are stored in a sequence extending ffom the smallest
to the largest X cdoxdinate surface locations for each
line. The files for each line are stored such that the

15 1line for the smallest Y coordinate reference location is
the first line transmitted from high speed mass storage to
disk storage and thereafter to the local memory of the
appropriate analysis PEs. This transmission sequence is
discussed further below under Data Processing - Analeis.

20 The advantage of this staged system of high speed mass
storage to disk storage to local memory is that each stage
has a faster I/0O capability than the preceding stage.
Overall processing time and cost are reduced if the
analysis PEs obtain data from local memory as much as

25 possible, and are only occasionally forced to wait on
slower disk and tape I/0 transfers. 'Furthefmore, Such
technologies as high speed tape storage are less expensive
than disk storage, thereby leading to the preference for a

three stage storage system, as opposed to ohly a disk to



5 slice. Sigg, recéiver 27 is surrounded by faur d

surface referénce ?ocatlons (not shown) which al so contaln rave tlne
information to each traveltine poi nt on each traveltine slice.
However, traveltinmes on the traveltinme slices are not sufficient,
rather the total 10 traveltinme from source 24 to anal ysis point 28 and
continuing on to receiver 27 is required (khis tine is commonl y
referred to as the two way traveltine). The foll owi ng eight step
procedure (Figure 16). provi des one met hod which can be followed to

conput e t hat mammysyﬁsemna\ﬁ@m ﬁPFémPiﬁe filhde sbree stege stanage
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(i.e. 20 32A, 3 and 32J) is associated with a uni que travel ti me
cube (w thin wheéchntkesectveitieg datdehreestcredaredncescasexafllt hose -
| ocations will involve a _unique_set of trayeltime values on s]ice 31B.

Those four® setFagpltime ¢arge¥ciLassi-at dhali PROKEC: EC3TBLade S0 MedNGES | n
the 25 first gégt fa%é FI gglélglér? Q‘#l&gd%%tlﬁma@e t%v@i%rﬁ%e%x‘g% which Of

val ues on tra present t1 me rom source

24 to all trayshilin®edcd BaARD y&;@nresom&hbﬁe 3Bna3eeqnadindeie iR MPP
procedure is followed to WO 95/ 34037
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averaged set of values fro urg¢ slice 3 122 in_ Fi ure 16
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10 are available to the analysis PEZs when needed. This use
of a control PE to coordinate high speed mass séorage-to—
disk-to-memory traveltime data I/0 is an improvement over
the art in that the analysis PEs are not required to
perform 1/0 request functions, which would reduce MPP

15 throughput.
C. ' Processing Optimization

The third Setup task (Figure 7) inveclves determining
an optimized sequence for processing the seismic trace
data. A&s indicated above, a.significant computaticn cost

20 and time comstraint in seismic data processing derives
from the necessity for repeated input and output cycles cf
trace and traveltime data from ﬁépe and disk storage
cowponents to the analyais'PEs. Por example, if the
traveltime data that are required to process a specific

25 trace are not available tc a PE when necessary, the PE
will be unable to proceed with the desired computaticn
until the data is available, thus lowering processing
efficiency. The third Setup task optimizes processing

efficiency by ensuring that the seismic trace data ave



are identical to the first and second step, except that 5 the focus is on
the travEP?¥M937 from the surface reference | ocat i ons BOF/USAVREESHg
receiver 27. At the conpletion of step four of the traveltine
procedure, one set of source travelti nes and one set of receiver
traveltines are associated wth slice 31B and one set of source 10
travel ti mes and one set of receiver traveltines are associated with
slice 31C. These four steps can be ‘Gﬁérforned in any order.

Fifth, the source and receiver traveltinmes associ ated with slice 313

are summed gt b ape NOH s ebrdér t¥Ond Pt ¥Ry iENeths NBSaaP Iv*i‘ﬁ-g slice
(128 in Figure 16). Simlarly, in the sixth step, the source an

recei ver whiightravedsine sdatatetlhi stosed cect BUE marimizmied theget a

single set of two way_traveltjmes on for slice 31C (130 in Figure 16).
These two ﬁ%ﬁé‘%bfeoﬁe?’f%‘?' %n?%u%i?wi%lﬂ%réf correspondifgnt h, the

two vay travgldd it Byt Teimd XL to 804 g Wi b the two . way

traveltines on slice 31Cto obtain a single two way traveltine field
for depth slice 30B (132 in Figure 16). This field only enconpasses all
25 poihts on tHehe reviEetiesrof, thevepeini zdt idn i sprocedsee of than the
anal ysi s paint rgri d on slice 30B. Therefore, travel time values will not

general |y &xidiret? (Fa0 iy Girther (gpscribed fby eonsidesing higure but

rather wil I, onl ¥, s ,
beT/ Usos/ oddge which déglcgcsé Sa@:gnlarged portion of Surface 18. from

adj acent trcaitel 30 Edukdwi M arddAedBRreBBQR7A-E aPd R, Bighid11 and
finally, an horizontal interpolation is perforned to obtain the ‘
travel ti me agalswxfiaste rfemance logatiiMn BIAP whicth are Weg. This

hori zonf al 5 i.nt.erpol ation invol ves. two di nensional interpol ation

proced es,trglvsec}q:rlé‘fegﬁ'@%? (PERAGT | TTRERSTTHR gf%?ﬁta’t‘?%sh,near SWFRRTSRe wel |
known in tha a3 receivers - ated above, traveltinme cubes are required
for ~each traveltine location 32. These traveltine cubes are 10

stored in files on a fixed |line-by-1ine sequence in high
As is well known in the art, an individual seismic

trace will be associated with each source-receiver pair.
For example, source 24 and receiver 27A will have an

15 associated trace (referred to hereafter as trace A), as
will source 24 and receiver 27B (trace B), etc. As is
also well-known in the art, two way traveltimes for each
source-receiver pair are required to analyze the
contribution of the associated trace to the image at an

20 analysis point of interest within cube 20 (not shown in
Figure 12). Therefore, source 24 requires the traveltime
cubes associated with traveltime surface reference
locations 32A, 32B, 32I, and 32J, with receiver 27A
requiring the cubes associated with traveltime surface

25 reference locations 32C, 32D, 32K, and 32L.- Using these
traveltime cubes, the above described interpolation
procedure is used tO'detérmine the two way traveltime
required to analyze trace 27A. Once the trace 27A

analysis has been completed, processing may continue with



speed trawghlgsARysiass storage. Referring to Figure 3, the files are

stored in a sequence extending fromthe small est to t h&CTAISGUESss(
coordi nate surface |locations for each line. The files for each line
are stored such that the 15 Iline for the smallest Y coordinate reference

| ocation is the first line transmtted from high speed nass storage to
di sk storage and thereafter to the |ocal_jgwgenory of the appropriate
~anal ysis PEs. This transm ssion sequence I'S di-scussed further bel ow

.under Data Processing - Analysis. 20 The advantage of this staged system
of hi gh speedonmse 24 astorageiverdi2dB,sthusgeegnilrdty tyavel:imge t hat each
st age has, a faster .1/ O _capability than the precedi ng stage.

Overal | procE¥RPRgaPPREIBREIC UL NalocAEdRRE] 32E aRd 32M, hvd s dopmer
obtain data § Logal sgBMLY §sgmuch as 25 possible, and are only
%gg%eg ?o mar?-on )

occasional ly sl ower disk and tape I/O transfers.

Furt hernore, such technol ogi es as hi gh speed tape storage are |ess
expensi ve t hghedpakpaber agethehekebrdueadicnt liaedhe nPFager@nee jfor a
three stage storage system as. opposed to only a disk to WO 95/ 34037

PCT/ US95/°06558 ensure thagehbeysejsndm tracecdatpl ds Theosmitsedstage

st or age temis alsg.facilitated.by the .coarse gridding of the -
travel time dggg,a %%y§ﬁ§ ?§§tth§F Pﬁglﬂﬁgk9€“§5rﬁ§t”gwpare%wﬁpbﬁ%@he
travel time dgdiRedr 8egheh8d LRUWRESLOYShIENcIme! FAUCKHE TR elBbR LA UIES.
That packed format also reduces the need to use a heavily decinated
travel ti me gehe whavaltimewvapds:tedThésaophbymicatésal tiki desikiedaklsya under

t he MPP func iongl breakdown di scussed above the control PE can
operate in FEEkE FeabPRolelesi¥Rdy, baraa: siraveft thestrevedtdmeavail abl e

coor di nate T eretboert raahr Y (0 yBniAts (4,81 PrEREFS®: Fiberl A8 data
/0 is an i gHi®veapatandedisk storage components in Figure 2, as well
as on the local memory of each processor, each traveltime
cube should preferably be transmitted tc local Menory once
and all calculations performed as to traces for which that
15 cube is required. The cube can then be overwrittfen when

reading the next desired cube intc memory.

An example of this preference can be demonstrated by
referring to Figure 14. Assume, for example, that
traveltime cubes associated with loccations 32A-D and 32I-L

20 are available in local memory or on traveltime disk. All
source-receiver pairs waich lie within the region bounded
by those traveltime surface reference locatioms can be
analyzed using that traveltime data without a requirement
that traveltime tapés be accessed. However, that analysis

25 can enly proceed if the seismic trace data for source-
receiver pairs within the region defined by those

“traveltime surface reference locations are alsc available.
For example, Trace A could be analyied, In contrast,

traces B, C, D and E could not be analyzed without access



the art in that the analysis PEs are not required to performl1/O
request f W@9Y¥437 which woul d reduce MPP 15 throughput. pcTUSs9sesss
Processing Optim zation The third Setup task (Figure 7) involves
determ ni ng an optim zed sequence for processing the seismc trace
data. As indicated above, a significant conputation cost 20 and tine
constraint in seismc data processing derives fromthe necessity for
repeat ed i nput and out put cycles of -bhace and traveltinme data fromtape
and di sk storage conponents to the analysis PEs. For exanple, if the

traveltine data_tha ke r Lred_t rocess,a_specific-2 trace are not
avai |l abl e tot.-‘% Eﬁav%\bgﬁ%ﬁgggéggry?nghg'okég gheﬁe?fbrﬁeb&n | &% 55 dceed
with the desirgdsmofPe8atboBhe andM/khst BRsdat afi s gkl abhputhituSdLovering
processi ng efficiency. The third Setup task-optim zes processing

ef ficiency bfoensvacaghAt hze cowpietedi ctrraceBdhbacmes availWblesmdwdi37

PCT/ US95/ 06555 . , , -62- stored on tape -
in an order RRsFIPeRt 2fPPRIRREoFIER WPFRTIONSARMKaPHadeF: AFE ddSP wil |
stored, thus { 7L Ng : t h al : S| anec ailability of
correspo?diﬁaygfig%%%éc%égﬁat?Fésggt?ﬁ%iga?geégikﬁghgn%ﬁﬁgﬁg Es. 5

The objectives of the optim zation procedure of Figure 7 can be
further descri bedrhyrebosédethagpkrpgose of thédprobedhrdepuclinad dm ar ged
portion of surface 18 from . cube 20. Source 24 and receivers 27A-E are
shown, as wefigure 7zisstefapbindfer EReeSPAERLFoA3ILa2RATACRNISERTASE t he 10

rvelL 1 e CAbg £ LAGEe! L) A1GE,L0EA, LATRBHECH S5 G 20 2

receivers 2 _ : known~f n"the™art _ (
sei snic EFREElYAMé BEbESERELALLE BLbPeGAEH SAULACaFEanY i xRAI I -

. For exanple, source 24 and receiver 27A wll "have an 15 associ ated trace
(referrd@ t senventeer EmitiatdyA) thesseismic trace data is grouped
into source-receiver common offset format (76 in Figure
7). This step will be well known to those skilled in the
art. Common offset sorted déta offers several advantages
to seismic data analysts. First, comﬁon offset data can
15 be processed using conventional moveout an&leis to
. correct for errors in the estimate of velocity. This is

referred to as residual velocity énalysis, and is
important because results from such techniques as prestack
depth migration are sensitive to velocity errors. Second,

20 data which are processed in common offset-order provide an
opportunity for interpreters to study intermediate results
and/or perform quality control on those results prior to
completion of analysis of the entire dataset. For
exaﬁple, if a dataset cqnsists of source-receiver spacings

25 consisting of 100 offsets, the first 10 offsets could be
processed and interpretation carried out prior to or
simultaneous with the processing of the remaining 90

' offsets;_ Such.a capability allows incorrect analyses to

be identified early in the analysis phase, thus reducing



wll sourc receiver 27B (trace B), etc. As is wn
in the artgmﬁm%@@gy travel tines gor each) sour ce- recelveﬁeﬁéﬁﬁi@ﬁﬁgp

required to anal yze the contribution of the associated trace to the
i mage at an 20 analysis point of interest within cube 20 (not shown in
Figure 12). Therefore, source 24 requires the traveltine cubes
associated wth traveltinme surface referengg_ | ocations 32A, 32B, 32I,
and 32J, with receiver 27A requiring %%e cubes associated with
traveltine surface 25 referéence |ocations 32C, 32D, 32K, and 32L. Using
t hese t r avstearaicl arEsysidccedioye ated calbedingtanpbyses ore be
procedure is used to determne the two wa traveltlne required to

anal yze trace repka _ Jt%edﬁﬁ P neceggary i Fipalbkent@ ohpfeease
processi ng mggz%égééﬂfg Yitfciency e BhSIGR method allows multiple.
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and recei ver ZdhmdrUsE fesits Iid dod raumilt deously OpbeSefS6QC atherafbbe,
locations 32E and 32M but no | onger requiring 32C and 32K

The purposé ofthenelipiiicil BeuLte t Fereiver meumen PfEses greupirgraliswe the
seismc traceéﬁgta I.s transmtted, t n

order as compdiit AHPRGRIeNt %?&W%efq%e%fﬁa”a% Sl eaneers | eSe PapiAN T o

stored on dﬂﬁééﬁ@iéxﬁﬁf‘aé W ort lsaﬁﬁéiﬂ Zath Of a%@%i@%a%ﬁe
result of the relatlve y large size of the traveltine 10 cubes.

mnimze |/ 0O geremas (inventiemsdErsinuks)nerus mul&mpl@p@fﬁsehdlsk st or age
conponents in Figure 2, as well as on the local nenory of each

processor, cadFAGafAing fe® an INPRCEsRRt FFLF REHPY Fet (POHROGE 1 ¥aieh
local meMypY QGhices %@i%ﬁﬁé'fﬁ%@i{%n 42 f&fffécéﬁfvéﬁest ?ﬁefeégéné‘h' ch

that 15 cube’is reqU|red e cu VEFWritten
the traveltime I/0 bottleneck.

Thereafter, the ccordinates of each of the surface
locations of all sources 24 and all receivers 27 are
extracted from the seismic trace data (78 in Figure 7).

15 This extraction is merely of surface coordinates in {X,Y}
format (Z=0 on surface 18); nc actual seismic trace data

ie required.

Next, a sorting of the coordinates is performed to

devel@p-sequences of socurce clusters of the coordinates

20 (80 in Figure 7). Source clusters, for example, may be
considered tc be sources 24 on surface 18 having one cx
more common traveltime surface reference locations, or
having two way traveltimes to receivers 27 which may
themselves have commcn traveltime surface reference

25 locatimns_which can be clustered. The clusters may also
invelve groups of traces having common scurces.
Generally, the sort focuses f£irst on narrow ranges of
common offsets, which are those SQurce«receiver pairs

whieh are relativély cleosed spaced, with larger ranges of



readihg\vbgymami desired cube into nmenory. §§gg . this
preference can be denonstrated by referring to FlgureF ﬁgmgéb, for

exanpl e, that travel ti ne cubes associated with |ocations 32A-D and 32-L
20 are available in local nenory or on traveltime disk. Al

source-receiver pairs which lie within the regi on bounded by those
traveltinme surface reference | ocati onsggan be anal yzed usi ng that
traveltine data w thout a requirement that traveltinme tapes be
accessed. F?mever that analysis 25 can only proceed if the seismc trace
data for sBGEEEFS Progressiyedvpsonsidensid) thereafijicon duft rexchrigld hose
travel time;guLf ey C are al sq_avail abl e. For exanpl e,
Trace A cou d bgggﬁgﬁfc gﬂgﬁ'ﬁlt%o%:flr %sra’t%rce TSRS gpa§1r§sand E coul d not
be analyzedonsﬁbamhgaoﬁeaso offsetW) Q@kB@QQEets could first be

PCT/ US95/ 06555 ' - 64- to traveltine
tapes andsubéFﬁlﬁﬁéréﬂﬁpegﬁéuﬁs od U@@ghﬂy 20 ofifmess teaarh 0 wihianal ysi s
PEs. afte A are conpleted, trace B becones

£ h rgBu Eb fpr tr
avai | ab WAEH grOUPH ﬁb8§u5§§55| &’f’é‘& h SOEERS HRSeHMizst TIE are al so
5 avai | abI Be1500PH! 2bbABS 0hQULE @i’l@ %bﬁ?“é@é ‘f:?)nte'a@ﬁe ofher, andF)t1-1eﬁ‘f"c;Ef ore, -

the purpose of the procedure outline gure e the
sei sm c datm redstiveolagation ofir die, rebadﬁeraStdl%@M&S%&h@&oveabkhﬁ | ar ge
vol ume travel tinme, cube data are stored in_an invariant fixed 10

sequence. $ﬁ??PaVP91dtH§ sertrfcueingeadgereraldrosiad lar priogeglure,

'sour ce-rec e o] I n _Figure This step w |
be wel | kn%hm% {;gftg ose s{'(‘iﬁ 8E ﬁgﬁhrgigy g?t sgagﬁf;oﬁe&y?eg &t IXOHPEL dat a ‘
of f er l0seven addailvabhagehe sort would include consideration of the

multiple common offsets to be simultaneously processed.
Multiple offset processing facilitates early
interpretation of output results (while additional offsets
are being processed), which aids error identificatidn and

15 1lowers overall costs.

The sorted order initially input to the 51mulatlon
may also rely on an actual or assumed shot order of the
seismic data. For example, in Figure 3, the order may
begin at origin 15 of the coordinate system with.the first

20 shot line (i.e. from {0,6,0} through {Xmax,0,0}, where
 Xmax (not shown) is the maximum X coordinate system value
on the surface of the data acquisition cube), and proceed
thereafter with the second shét line, the third shot line,
and so on. Within that order the X and Y values of both

25 sources and receivers would be retained in the simulation.

The sorted coordinates form the input to a data
analysis simulation which is performed by the host
computer (82 in Figure 7). The simulation uses the

extracted coordinates to reproduce the sequence of actions



to sei sm cwdpdsmsaaral ysts. First, common offset data can 15 fwernpesepessed

usi ng conventional noveout analysis to correct for errors in the
estimate of velocity. This is referred to as residual velocity
anal ysis, and is i nportant because results from such techni ques as
prest ack depth mgration are sensitive to velocity errors. Second, 20
data which are processed in common of f set-éd-der provi de an opportunity
for interpreters to study intermedi ate results ~and/or performaquality

trol th et f | f th t
ot nset . CRor WREchSRHE' BobboBents or (ROTHEE degn JoT o dp o' 1 °
spacings 25 ggpsist kB9 gff c190a0k! %ﬁn Outa% iRt ghQ fﬂé%%é@&& Rfere

processed and interpretation carri ut prior to or aneous wi t h
the processingethally depatnitogthe analghfiisetEs iflchen cxaieabiddtietnailrdeaivs

I ncorrect analyses to be identified early in the anal ysis phase, thus
reduci ng yvybg/ggg§7 but does not include actual seismic

PCT/ US95/ Q655 . r al

anal ysi o Coot SRASHAREIPRR ng THRPOEEE P37 0F the HEvearing Hdlda, o,

necessary. Fléa&EYtot e@hengirefetence diseudsedNgbeie ¢heRc\tidye Fieseny
met hod allows multiple commopn offsets to be sinultaneously processed.

Therefore, 5bet #tokaiit ial asyigdd sequiensiadosomcsiirest a@%mwfmnmm
t he subsequent, sortin

ncl ude.si nul { aneoy Ggessi

considerationghgsdﬁng@Fnﬁayﬁﬁeﬁgge i ¢ qﬁt??@ﬂ@? 16 %ﬁeth@ oxﬁkéséWl

i nvention of gjmdht Eg@oﬁé 1Bk Ehﬁc%fsf Va made%%ﬂ&'h’i% k3, &k MProvenent

over prior art methods which 10 uces traveltinme recal cul ation

requi renelfl s andlireiscBEs. Thikedepevndentnewaki@biet tilsedeckurn a
function cf several parameters which may be varied by the.
analyst to determine the optimized storage order of the
seismic traces. These parameters include the number of
traveltime lines which can be stored on disk after being

15 read from tape, the amocunt of memory available for the

analysis processors to retalin traveltime data once read
from disk, the number of cffsets which are to be
simultanecusly processed, and the number of analysis PEs

in the MPP system. Other parameters will be apparent to

20 those skilled in the art.

The output of the simulation alleows statistics to be
computed which quantify the processing efficiency of the
sorted sequence (84 in Figure 7). The statistics focus
generally on the fréqﬁéney with which traveltimes must be

25 read from tape to disk or f£rom disk to memozy for an
analysis to be carried out, on the number of times that
traveltimes can be reﬁsed frem one trace to the next for
processing, and on the number of times traces must be

skipped (i.e. have analysis delayed due to unavailable



Ther eaf tvg695/$ §; coordi nates of each of the surface | op@tuRskinesds al |
sources 24 and all receivers 27 are extracted fromthe seismc trace
data (78 in Figure 7). 15 This extraction is nmerely of surface coordinates
in {X Y} format (Z=O on surface 18); no actual seismc trace data

I's required. Next, a sorting of the coordinates is perforned to
~devel op sequences of source clusters ofeghe coordinates 20 (80 in Figure
7). Source. clusters, for exanple, may be considered to be sources 24
on surface 18 having one or nore compn traveltime surface reference

| ocati ons, taaveltimasing (TRESMPRYHVFIF IR FEATERETRIRTD X AT ER Ty
thersel ves have commn. thayeld] I SUrdpeec1Eley eIEeclS 1hoaat bopeeuhi ch can
be cl uster & clusters rmy al'so I nvolve groups of traces having
commDn soUlLRfer (86 GaNEFRiUde 1The SDf tEdothsesoptimizanioarisw ranges of
common of f sets, i ch are those source-receiver pairs, whi ch are

rel ativel y ddsisesdl spduedsimilat ion gean rhggeepeated using an)adjyyted

PCT/ US95/ 06555 ) , . . .- 66- _ ffsets

pr ogr es8i veESF e TR RFRA 18R HAFFEFUT R0 exalpf e?djugémle?tamagt aset

consi sts of, source- %@% | §PBsetrs, COOS1SEt8PiAG 380s6fiteabsort he
of fsets codlt c#ileegtf dﬁ{niﬁ%ﬁi Vi dsé% isnto gr oups oféroughl y 20 offsets
each. Wt higece Hredaichoygradiusthents uso easy wofll théeotherepabanetietrpr st on

relative locations of the sources to, each other, and next on relative
| ocati on ofusef ¥eddi® e?QrE PBatRe of HEplaELeR- group woul d be sorted
using a generally simlar procedure, ~and offsets would not generally

consi derat o ofoTFe KeCeptdiie o BRILAL EOn b O e e 1y

proces3ed. the hdék téphsubét spropeedessongotacthet aeksmear gta and
re-store that data on data tapes in the sorted order (90
in Figure 7). Thereafter, the host computer transmits the
sorted data from data tape to the data disks for -
subsequent transmission to the MPP during the Analysis

15 phase.

In a preferred embodiment of the present method, all
traveltime data are initially stored on high speed mass
storage, such as high speed traveltime data tapes. To
facilitate traveltimé data accessibility to the MPP,

20 approximately the first twenty lines of traveltime data
are transmitted to traveltime disks upon commencement of
the method. The exact number of lines transmitted will
depend on the nature of the analysis, the data involved,
and on the capébilities of the MPP system being used, i.e.

.25 traveltime disk capacity. The optimization then focuses
on the éource-receiver pairs within that twenty line
region. buring this optimization,_as new traveltimes are
required, the least recently used of the traveltimes which

then reside on disk or in local memory are overwritten.



I nt er pr et a¥® 05134887 out put results (while additional offsets pCcrUsErssssei ng
processed), which aids error .identification and 15 | owers overall costs.
The sorted order initially input to the sinulation may al so rely on an
actual or assuned shot order of the seismc data. For exanple, in
Figure 3, the order may begin at origin 15 of the coordi nate system
with the first 20 shot line (i.e. from¢{6%0, 0} through {Xmax, 0,0}, where
Xmax (not shown) is the maxi mum X coordi nate system val ue on the

surface of the dat q@%é € d: pr a with the
second shot |ine, i@ﬁg |§iés§ g#%h%aSQQ i¥ gﬁg %e%ﬁp é@%ﬁ% é%hép Cor der

the X and Y vitemsn®imdhds 25 ak 0ahisbps 28 03+RE6kVEH SwMDEhdehenr et ai ned in
t he sinul ation. The sorted coordinates formthe input to a data

anal ysi s si mgonpanenthi crthe wlyﬁmdcm@et hendosraveltivengatar 4848 in

Figure 7). The sinu] atjon uses tracted coordi nates_to, reproduce
thg sequénce d%$i%mi ragh §4ngbasxbeen gtructur Q to bacmlggate

PCT/ US95/ 6555 Bdze. gndhich the
p t (=] & Anal b
corrponents of t% CBI\%E S?%n?%n rf"oT?%w ?% yeis p t%l n se| smc trace and

travel ti me dadffedtivatessntef vﬁz@ Setup qsha@élzyelg@stm@ dhtyasal yaes PEs
i n the order determ ned by the sort, but does not include actual
seismic 5 diHcHatiwmatigrel brepkdowr of the MPR/eYEre® ¢fcthe

leads to theé@éséﬁéﬂ¥§%ﬁg&C%&&§Qaf£§%ﬁu£ﬁ§é égoéﬁallgrgékdown by

gsimplifying and cptimizing the data handling associated
10 with each component. As described further belcw, this
effectiveness prov1des significantly ampr@ved MPP

throughput as compared to the prior art.

IV. Data Processing - Analysis

15 The Analysis phase of the present method is depicted
in Figure 8. Upaﬁ completion of the Setup phase, the
traveltime f.slds are stored in packed format on the high
speed mass storage system. The seismic trace data are
stored on data tapes in the coptimized sort seguence

20 deseribed above.

Initially., the contrel PE transmits functional
assignmente and the dimensions cf the analysis cube, the
traveltime fields, and the aperture region tc both the I/0
and thelanalysis PEs (91 in Pigure 8). Each I/0 PE then

25 cgnstfucts a table defining the assignments of traveltime
slices to analysis PEs. This table is relied on by the
I/0 PEs whenever additiomnal traveltimé fields are to be

transmitted to the analysis PEs, as further described



be stor@8_9i5}34 7ri gi d sequential structure, and thereforepgg{uéﬁ'%@s%?gependent

variable i"n"the simulation is the order in whi ch the aces are
made available to the 10 analysis PEs. ‘That dependent variable is in turn
a function of several paraneters which may be varied by the

anal yst to determne the optim zed storage order of the seismc
traces. These paraneters include the _gurber of traveltime |ines which

can be stored on disk after being 15 read fromtape, the anount of nenory
avai l abl e he LS o] or ain _travel.ti .dat a once
fead ¢ pRLoky ghe, BATETE PRECRTBECE bR LR a) e L TR

si nul t aneoghéyapeoganentds afidtiravenuiber soficeaBakysanalbsis pEL,N dre MPP
system O her paraneters will be apparent to 20 those skilled in the art.

The out putinfad@dtipruransbnugk| swsabilat defivdngothe assigomemited ofhi ch
gquantify the ocessing _efficieng t he ~.sott ed sequenc 84 in
Figure.7).ge3€é §$5FF§tF8saFaé¥§lg 8Esgen8?§?l§n8ﬁu?ﬁg f%e%ﬁ@ﬁb&ﬁMtrlvmich
travetismescpaist Bgp1ds headrbganrbarsyt Qaéh?g.?giy%&?gggﬂ aﬁr&aﬂwy for an

analysis to be carried out, on the nuitber o | Mes vel times
can be reusedséguenbnstéepacént thehAnadysikophase. pAdtassighgeaatd on the
nunber of tines traces nust be ski pped (i.e. have anal ysis del ayed due

t o unavai | aBaiysis PHrpyiysxggurires knowledge .as to the specific
PCT/U895/O@P§§e1time and depth slices assigned to Eﬁgf'analysis PE,

_coﬁstruction of these tables is neither costly nor time

10 demanding, and therefore each analysis PE constructs the ‘
tables for the entire analysis cube. Thereafter, each
analysis PE focuses only on the traveltime and depth
slices for whidh that analysis PE is assigned analysis
tasks. Finally, each analysis PE performs any aperture

15 dimension calculations.whigh may be necessary. If
aperture dimensions are input in functional or tabular
form, a calculation for each depth slice will be required.
However, if the dimensions are precomputed for each depth
slice, no such calculation will be required once the.

20 dimensions are received from the control PE.

Next, in ﬁhe sorted order sequence described above,
seismic trace data are transmitted to the local memory of
each analysis PE (92 'in Figure 8). The data are
transmitted from tape to disk by the host computer upon

25 - the command of the control PE. The host may transmit only
a portion of the data from the sorted order to the disks.
Alternatively, the sort may be based on an assumed number
of offsets to be simultaneously processed. If fewer
offsets are to be simultaneously processed, the host will

30 not transmit the undesired offsets to disk.



travel ti mg e optim zation statistics are revi ened

t he relatlve g§gﬁglency of the input sorted’ order (86 |ncﬁﬂ6ureé%%ﬁ
further optim zation is desired, the sinulation can be repeated u5|ng
an adjusted 5 sort criteria (88 in Figure 7). The adjustnent may

invol ve regrouping of offsets, reclustering of sources or receivers,
or adjustnents to any of the other paranetgrs used in the sort or the
si mul ati on. Once acceptabl e S|nulat|on statistics are obtained,
10 the host conput @.p a £ I
that data on data tg%eéaﬁgﬁgﬁebgo?@%g Q%aﬂ%? t%%%hd%Q% ”Itggihiﬁpe%
Thereafter, t&achoataleshet PE thabdwicks bife tracessor M muﬁﬁe&fQﬁﬂdata tape
to the data disks for subsequent transmission to the MPP during the
Anal ysis 15 prages in the blopks,widds ¥aryd wafbodneematore: o€ mhesent

met hod, all el taza iLtially,stored o eed Ss

st or age, sucha%§l#§gé %égd g§a§gl%ﬁﬁegﬁgégeFaggﬁnngﬂaﬂ e%@ci%t

~travel timg daja @geRSBbEH! th& b2okhe shBR cod@traRPkaXiorisley tta féa}

twenty lines of traveltinme data are transmtted to traveltine |sks
upon conmencepentigofised an&héheeih@dcomManamamncmumb@ﬁtmaﬂn@@egftman5n1tted
will depend on the nature of thi an §§|s the data invol ved, and

on the capabi FPRFES:oFEr he FRBPEXFERLR) geubedck; @Qnsﬁmeiﬁﬁgﬂ%ﬁﬁ9ﬁ¥thk
t Th t f
Copacl v, Thescpi 28 aBohl Galiohe BBt BPUSGE atgyer Dol

travel times aaﬁallabn,eqacr ele thavb&@itmese@@nhmlm@ @hhfe%e tmva;lﬂef mes
whi ch then reside on disk or in local nenory are overwitten. WO
05/ 34037 10 other hand, relatively small blockCpivegsslesssefficiently

use the available input/output transmission capability of
the MPP systew. In one embediment of the present methed,
block sizes of 512 traces have been found to provide a
suitable balance of these considerations. However, the

15 block size in other embodiments ¢f the present method must
be determined by the analyst based on available memory,
the size of the slices involved, and the size of the
overall seismic trace dataset, among other factors which

will be known to theose skilled in the art

20 The broadcast of traces te the analysis PEs may rely
on any ccnvenient MPP library broadcast routine, using any
or all available communication channrels within the MPP,
because 1/0 of the seismic trace daﬁa.is typically not an
1/0 bottleneck of the MPP. This attribute of the trace

- 25 data simplifies data transmissicn, and derives from a
number cf characteristics of the preserit method. First,
the depth slice decompesition of the analysis cube allows
each analysis PE to cperate independently of other
analysis PEs, thereby aveidiﬁg the need to pipeline data

30 through a sequence, alsc referred to as & pipeline or a



-69- wo 95/34037he result of the tasks in the Setup phase mfrnideeiossss
present nethod is an analysis domain in which each conponent - the

anal ysis cube, the traveltine data, and the seismc trace data - has
been structured to facilitate 5 efficient processing in the Analysis
‘phase. The effectiveness of the Setup phase relies not only on the
uni que functional breakdown of the MPP system of the present net hod,
but al so builds on that breakdown by sinplifying and optim zing the

data handl i kehadss 0@ flsath ki BEE £aCkh LOMONAN : mpod@réHht Dosle £ UL BRY
below, this  effectiveness provides significantly inproved MPP

t hroughput &ricomBaiteds & tshe Ratent &H1198,979 isswed Dud Mewoizeadi ng -

Anal ysi s 5 T. al ysi.s .phase of the present nmethod_i s depicted

in Figure 8_.‘13r8§&1 é&?ﬂ&&%& lﬁfﬁefe_é’é{%Fpespr?as%lﬁ'wec trace (dgf%dtime fiel ds
are stored i) PAGKRA JRHRIcPN e tHA merhod REGH TBSS; alzge system

The seismc trace data are stored on data tapes 1nh the optimzed sort
sequence’ 2prodesmdibetsthamomplete processdinid ias Ityo 4 heraeatbofoPE

transmts functional assignments and the di nensions of the analysis
cube, the the rarRs disdranaiittehde FhaRetuRrRFIE tn e the 1/0

o L0 e (i fRE i g 0 o e RS2,
This table pyocRlgRt<OnbtHd ' Pipeline, a limitation avoided by the
present meﬁhod. Second, the use of the I/O PEs to
10 transmit traveltime data to analysis PEs ensures
traveltimes are available to all analysis PEs when
necessary, thereby facilitating simultaneous analysis PE
processing. Other techniques of transferring the
traveltime data to.analysis PEs must ensure traveltimes
15 are available to the analysis PEs in the proper sequence,
a complication eliminated by the present method. And
finally, in the present method the trace daﬁa are read
only once, thus avoiding both the need to reread tface
data which would thereby require speciaiized_trace data
20 transmission pfocedures and the need to inefficiently .
reread the larger traveltime fields, Whiéh.wéuld create

traveltime data transfer bottlenecks.

In.addition to the above, the present invention
offers additional advantages if>a.broadcast rouﬁine
25 referred to as logarithmic fanout over a tree is |
implemented. This approach tékes advantage of the
interconnect network in the MPP which connects the control
PE with the_aﬁalysis PEs. In one embodiment, the fanout
is configﬁred as a binary tree, as follows. The control

30 PE, acting as a parent.PE, sends the trace block to two



|/ O PEs wwemesrsgpsaddi tional traveltine fields are to be PCT/U89SRgEsst ed to
the anal ysis PEs, as further described WO 95/ 34037

PCT/ US95/ 06555 -70- bel ow. The

anal ysis PEs al so construct a table defining the assignnents of
traveltine slices to analysis PEs, .and I n addition construct a table
defining the assignnents of depth si73es to analysis PEs. Data
‘included in both of 5 these tables are required by each anal ysis PE
during anbdeeien PEY, cpvting e A terenthare.s AHIIGUH:. eatien

anal ysis PE only requires know edge as to the specific traveltinme and
dept h sli cesthesieghee EEx mﬂfhrﬁ‘&%/§@%bleﬂk densadictabriwd atthere tabl es

Constructs tABOLYOL HRAC oAl i T e A SHE, eeaé%asa' S Sach

anal ysi s PE bQelise il diihd:uld 1Rl it AUL LDl g pribdegs for uhi oh
, eacC

that analysis PE is assigned anal ysis t'asks.” Final anal ysis PE
per f or ns &ny caopeditnmes ubkid midsikEe delveultdid aracshikdleoksy it nadessary. | f
aperture dinmensigns are input in fuynctional aqr tabul ar form a

cal cul ation- ?@lgueﬁcﬁb@&pttﬁms@@é'ﬂﬁl{ PEyandk fhe apalysig R &reif the
TS Tons St AP A o R S o o0

will be requrred nce Asions "ar e
Next, in theigeb! adrander To@eE MiRr@eHY et @b Bitary cxeeei SN C trace data

are transn1tted to the | ocal nenory of

configuration follows a base two logarithmic sequence in

10 that the logarithm of the number of PEs which have the
trace block at any step is a power of two. Similarly, a
base three logarithmic fancut would involve sending the
trace block to a group of three PEs, a base four to a
greup of four PEs, etc. This fanout approach is

15 configurable and can take place in any logarithmic base,
up to the limiting case of a direct placement broadcast
opticn in which the control PE acts as the parent to all
analysis PEs, in which case the tree has a depth cf one,

i;e. all trace block transmissions are completed in the

20 £irst step.

One advantage of the fanout over a tree approach is
that the placement of thg analysis PEs in thé tree may be
cenfigured as a function of the computational lecad piaced
on the analysis PEs. As discussed above in conjunction

25 with the final step of the first Setup task, the manner in
which depth slices are assigned to the analysis PEs will
sometimes result in certain analysis PEs having a heavier
analysis load than other analysis PEs. Therefore, the
fan@ut over a tree approach presents the ecppertunity tc

30 place PEs with a heavier computational locad near the



each analysis PE (92 in Figure 8). The data are transmtted fromtape
to di sk bWQ#e4¥st conputer upon 25 the conmand of the copéfBhosisss The
host may transmit only a portion of the data fromthe sorted oréer to
t he di sks. Alternatively, the sort may be based on an assumed nunber
of offsets to be sinmultaneously processed. If fewer offsets are to be
si mul t aneously processed, the host will 30 not transmt the undesired

of fsets to disk. WO 95/ 34037 -74- ' _

PCT/ US95/ 06555 : -71- The

control PE t eyt dyppasicasts dhad, dedAchd PawhkedOm the éﬁgéﬁépf‘bﬁi s PEin

bl ocks of traces. The nunber of traces in the bloc vary with
t he nature ofthHdweby lessuxtirsy stheibbilkellidod hehaltit thet hbavbgranal yzed, as

wel | 5 as with both the bl ock size constraints, of the tape system
bei ng used aﬁ?%%qqlﬁréﬂﬁmﬁﬁﬁ‘iaﬁ‘?% ebivt FBe el byerieof seigBa€rol PE.

For exanple, Jarge %ﬁg%%%ﬁ&%ﬁ cant amounts of ‘menory on

each PE, decreéasing avalTable to the traveltines or

anal ysis cubes. On the 10 other hand, relatively small block sizes |ess
efficientfy s ikl paivell knoputtoutivse t slabsDedsiantrapabtl i by of
the MPP system In one enbodi nent of the present nethod, - bl ock .sizes
of 512 trace¥yadratbadh danmPIWP IR NG Procedyredbvelbariren be t hese
consi derati ons. .Hoa/\ecvert the . 15 Iock-s(%ze in ot h'et[_ epbodi manti of the
present net hGPRARTS t° thfe SRAUILE P DT The® Rt 95t “Babti2on2nat¥FLgbl e
menory,  fsSigeoddis Sld foddneteed, wiRiEh t DecBhde Ohut DRy,
overal |l seismc trace dataset, ‘anong ot her factors which vm_l? be known
to those skilfiddtdminde antti-aRiasing, deeomvohdrisn, cdutomaesctgathe

o1 ng and0 - CORKTCH{ ki TS WoTRAERSE | T CParPe CL 4Rt FPrC ERCOAER,
e o ol S ST i S L Ly ealeatleathe ool B2,
transni ssi onmefetyderow eismfedinately thewwdftren! hareileraksdocbeof the
e | e N derstocd; a conBtraint to performing trace data & oo Ysis
preprocessing in the host computer is that the
15 preprocessing computation to be performed must involve
identical computations for all debths and that the
computation can be performed in the time domain. The
advantage of performing preprocessing in the host combuter
is that the seismic trace data is preprocessed once, and
20 each analysis PE thereafter receives the preprocessed
data.. Preprocessing in'thé analysis PEs is less efficient
because each analysis PE would be performing identiéal
preprocessing procedures even thoﬁgh the procedures are
independent of depthﬂslicé location. However, if a
25 preprocessing pfocedufé will vary from depth'élice to
depth slice, the procedure must be performed in the
analysis PE since the host compﬁterlin the present method

does not retain depth slice information.

For those.preprocessing procedures which do not vary

30 between depth slices, the use.of a control PE in the



each an%@é@%@“ﬁ to operate independently of other a kS

t her eby the need to pipeline data 30 through a séquence, al so
referred to as a pipeline or a WO 95/ 34037

PCT/ US95/ 06555 -72- chai n, of
analysis PEs. This is an inprovenent over such prior art as U.S.

Pat ent 5,198,979 issued to Moorhead, -5 egg, and Tolle which requires a
seismc trace data pi pel i ne approach. In that nethod each i ndividual

5 processorﬁgég% 1881 PIRLES S ‘b the trace is
transmtted to “t'zgtonrﬁ%(ttqﬁ oJii:essoftkl'n;\%l ta%lifaa@é%?%g i ﬁ%ﬂéghat met hod del ays

processi ng iparfideseigierdt leasipraoqEnstoion i of ttiee pppeprocesaing nitathen
avoi ded by the resent nethod. Second, the use of the I/OPEs to 10
transnit tr&Ea%e ea3@?¥ﬁ%ﬂ§%l%F#%%@%@%&r@%@urg URGeY cFRifearhian
avai |l abl e t al | o C h C tating
%n’%@/ ecf %o ca.,:n.crﬁ‘%xgﬁ 8@%}%& %é@ﬁ‘e%ﬁ H:ué

si mul t aneou 1%%&1 pr OCESSI g nr ques transferring
the 5t AeRPdrER R IE thQMBY SdvediiEs, IS dSRSHECrdtad chy | F8ferdBceare
avai lable to the analysis PEs in the proper sequence, -~ a conplication
el i mi nated o tHiegyreseént net hod. And finally, in the present nethod
the trace data are read only once, thus avoiding both the need to
reread trace mhlch Id thereby, require eC|aI|zed trace data
20 transni ssion 6?% ?mﬂﬁﬁ?%é?rﬁﬁ?T%lé reread the
| arger travwztaﬂg%nﬁﬁt%@isﬁr&m éélzav%;sé eR8E) to déé@v&iékg‘i‘(ﬂ@éﬁ 3 ansfer
bott | enecks. I'n addi tion to the above, the present 1 nvent

the host computer (112), and from data disks (106) to the

10 analysis PEs by the contrcl PE. Although the host

computer is preferably a high-speed cocmputer system, the
communications capabilities of the processing elements in
the MPP system will typically be greater than the
capabilities of the host. As will be understood to these
15 skilled in the art, communications capabilities include
beth ﬂhe'speed at which data is transmitted, either iﬁput
cr output, and the latency, defined as the ccmmunication
gtartup time, to initiate a transfer. More data can
generally be transmitted more quickly frem the control PE
20 to the analysis PEs than can be transmitted from tape to
disk by the host, or could be transmitted from the host to
the control PE. Therefore, by shifting a portion cof the
- data preprocessing from the host to the contrel PE, the
present method optimizes the use of the capabilities of
25 ©both the host and the control PE, with a resulting
inereasged data precessihg throughput f@: the entire MPBP
system as ccmpared to.the case where all preprocessing is
performed in the host. In the present method, therefore,
in asseciation with the'traﬁsmissicn of the seismic trace

30 data to the local memory of each analysis PE (%2 in Figure



of fers adgosswat advantages if a broadcast routine 25 ref g&{.,%g% Pg)si
C es

| ogarithm c fanout over a tree is i npl emented. This approa
advant age of the i nterconnect network in the MPP which connects the
control PE with the analysis PEs. In one enbodi nent, the fanout S

configured as a binary tree, as follows. The control 30 PE, acting as a
parent PE, sends the trace block to two-76- WO 95/ 34037

- PCT/ US95/ 06555 -73- anal ysi s PEs,
acting as tbe,photh the hoeit ladmputdneihd thd RSB AN FESSH WG Neatd ace
bl ock to each of two other anal ysis PEs, each of whomthen send t he

trace bl ockPﬁ-’&Proceééé-ﬁl%f ﬁﬁo“@{lﬁerb&anmqesnss‘;@@s tetthoseThksi Praatels 5
conti nues u al | he t e block, with the result that the
control PE 8 B ¢ aﬁé{?’fga e,g%g eﬂtre%% pr@@rﬁ’é:ctléﬁ’an’?‘p?&’r Ly

rel ationshi gaiwhi eheVhddd! e forms ind ga%ablﬁw\%_ mgﬁr archy. The

bi nary tree " configuration follows a basé t | ogari tthm ¢ sequence in 10
that the logarithmof the nunber of PEs which have the ~ trace bl ock at
any stefis a poler additvion Sionither lajpove, the laakied krcemplengary tdfhi ¢ f anout
woul d invol ve sendln% t he strace block to a roup of three PEs, a base

four to a CertgiguprEPTPGESSPRS 9999edﬂ?3§ PR diendg 15
confi gurabl gnap eﬁ@%stﬁbebgh %ecaQragﬁ o t@ﬂe éﬁﬁ? ol .PE. {9 the

l.imting case o I rect plaCenent broa c on in whlc%rthe

control PE arampas, thﬁtﬁala&lihst didltlering d@;a|ay§>lr$>d§|a$1ré Erdudhtaase the
tree has a depth of one, e. all trace block transm ssions are
conpl et ed i AMPhEYSE tPl#§Fr§P§§ the qualityoed sdexstiga sfesHd s .anout over'l

atree pr e.pl.acenent of the_ anal S|sPS|ntetree
may be R Rg%%rsﬁgr 'e(rJl tgs@% %‘E’lng F%% tﬁhgagoﬁﬁflé:’tei
the ana'ys'ﬁnEESrecé&ydeQEEEEQ ake¢e theCQ@bﬁﬂQHh%nerrors often

being a function of range in the output seismic section.

An undesired.noise_component may also be introduced into

the section.

15 One way to minimize or eliminate.aliasing errors ia
to filter the trace data, usually with a lowpass filter.
However, beécause aliasing error may be a fﬁnction of dip
steepness and range, the samé lowpass filter cannat
generally be applied to the data to be migrated for all

20 depth'slicea or all ranges. Ihstead separate filters
with individually specified cutoff frequenc1es may be
requlred to process the trace data The result is that a
single input trace is expanded into several filtered
versions of that input trace, each of whlch must then be

25 transmitted to the correct analySis PEs for the subsequent
analysis. This characteriStic of anti-alias filtering,
sometimes referred to data expansion, therefore increases
the MPP system's data transmission burden. Because the
control PE has higher data communications capabilities

30 than the host, anti-aliasing procedures are more



25 wth tgekhszy step of the first Setup task, the manner pimgosinedkd Ch
depth slices are assigned to the anal ysis PEs mAII sonetlnes result I n
certain anal ysis PEs having a heavier anal ysis | oad than other analysis
PEs. Therefore, the fanout over a tree approach presents the
opportunity to 30 place PEs with a heavier conputational |oad near the

WO 95/ 34037 - 7= PCT/ US95/ 06555

-74- bottom of the tree, farther away fromthe control PE, t her eby

- | essening thea?‘b*"ébk*@&%él&héhrfeam@@akﬁhe"tl"e coneOEnUpH i W?ﬁ.lcbl @t @e/gsndgm! ay

the delivery of  sefsmc traces to other analysis PEs.
be wel | knomnbr@nsmmSethélEméueredtherambnsaof thevdmputyq&hc@aﬁarectly
preprocessing procedures will often plied to the seismc trace

data prior tot®ihhe anaiysis Pis. Tﬁ@séuﬁ%ﬁr@&@@m@& pesee PErESTTRA o
| ncl ude ”““”g%% n?ﬁé"LBé' aggaﬁag&a agl»as %]1 g%%&v%' Ut O%m%%‘mq%% ga'“_

10 control éf procedtires nay be a to t Fat-a

host conpuyt erggaghét cbatikbansker aad me&eaglceEEm theE @Bl yvedls ipmaEdi ately
thereafter. As will also be understood, a constraint to perforn1ng

trace data mgreps@ngsshagaﬁmra&é data @m&msswm Aead kadl5
pr epr ocessi ng conput tation to_be perf L denti cal

conput ati ons F&EUalt2depPnd %ﬁﬁstﬁgﬁlpﬁgnt aii@%ﬁp&?&tPgnmgghsﬂgtSEVforned
in the tine dfé@bﬁxcége In Eﬂéa?&éﬁéxﬂ@f mREhbA, MG rRFERE0C SR the

host conputer I'S that the sefsmc trace dafa is preprocessed once and

20 each anal gengr&E PReandf the hesei perfblm pgaepr peepsedessindgt aith
Preprocessing in the analésis PEs is less efficient because each
anal ysi s ¥g m@edc@atﬁélf EnPR4MATEAY P&F‘ﬁomlﬁgeéﬁéée§§9ﬁ§déﬁ§c§m even

though the bropediEeacakipinc | BIEACHICAL 0L A9T0L0 8! | GRl 953! bk FOWEVeT.

if a 25 pre |ng proc durée~wi var depth

slice, the pr@@@ﬂgf@wugérbam@hﬁoamérl ﬁohb%xpandiﬁ§| p&b@eaﬁv&lsocwdaﬁ
host conputer in the present net does not retain depth slice

i nformation. a8 aut@matﬁ@rg@h@s§09ﬁ§9ﬁ03§§smuglpgoceé§r@gllhbeh do not vary

understood to those skilled in the art, data preprccessing
15 regquirements vary between datasets and analytic goals,
and, in asscciation with this primary allocation of
preprocessing procedures, other data preprocessing
procedures will be allocated between the control PE and
the host based on the processing effort invelved, taking

20 into account the respective communicaticns capabilities.

The analysis PEs process each tyace independently of
other traces and independently of other PEs. Processing
as to each slice proceeds for each trace as follows.
First, the analysis PEs receive the necessary traveltime

25 fields for the data trace (93 in Figure 8). Using the
contiguous group of depth slice assignment approach
exempliﬁied'in Table 1 and Figure 13, each analysis PE
will regquire traveltime data from twé traveltime slices
from each of a maximum of eight traveltime cubes. In

30 practice, the analysis PEs will have a portiocn, and



30 betywrpessdept h slices, the use of a control PE in the pcrusddfesss/ 34037

PCT/ US95/ 06555 - 75- present net hod
| eads to a third option - that of perform ng at |east a portion of the
preprocessing in the control PE. Increased efficiency occurs under
this option due to inproved comuni cations throughput between the 5
conponents of the MPP system as demdfstrated by reference to Figure

2 As di scussed above, seismc trace data are transmtted

fr om dat ascmapeiseEl @)L t ofdshe deSRSSaIPetrayeltime (drtaosesidsmut er (112),

and from data di.sks (106) the 10 _analysis s, by the control PE

Al t hough Jthe-asssh memgr(%rrp&?‘?r e?%eB?eFSrgg¥§haa§$b%%%rb%€d conput er system

the %é{h{ﬁ%té Qi £ 32N et regueketiNcopr 8£E56iMg €FLHFENE Smd N the
em W

MPP syst tyically be greater than the capabilities of the host.
As will hmimtmnder siomal memorosailisbesRREFégient ¢ Helbk tdeReRILT cat i ons

capabi_lities include bot h .t.he ' Lkch data_j nsni.tted,
ei t heP i gt cutcaRe Qf fi® Qﬁ%&mPﬁ§Eﬁ§9e§%$¥Q%§??he %%é¥%%ﬁ%bﬁ#%%ication
startup ti e, edoiddidddind AdicasheuldVeypidal gy cedsult fenaial |y be

transm tt'ed nore qui ckly fromthe control. PE 20 to the analysis PEs than
can be trarmrade axf fraymmaonse than thrgespeyytraehpine gibes e ke

transmtted fr the hgst to 't ni.ro refore Yy, [fting a
portion o]foﬁ“;F‘é?rQ°ro%ﬁ ﬁ}eébr%{?&é’sslq%gggr%%n %ﬁggﬁf}g gtg(;ﬁt enec‘gn?$o PE, the
present nethog optim zes the use of the capabilities of 25 both the host
and the control PE, with a resulting I ncreased data processing

t hroughput for the entire MPP system as conpared to the_ case where al
preprifcessi ng When tranglktemas) 35¢ tee PRoSPtaipad: FECH, bERYE L Htfod,

therefore, o i BSSAUA 61 dddh heeLhBEMESSEAD Rbst NEomSheld C trace

to transfer a complete line of traveltime data from -
traveltime mass storage to disk in full traveltime cube
format. However, the I/0O PEs control transfer of

.15 traveltime data from disk to local memory. .Each I/0 PE
may tfansﬁit traveltime fields to all analysis PEs, using
the assignment table constructed above, although each
analysis PE is only transmitted the traveltime slice data
required for analysis of the deptb slices assigned to it.

20 The contrcl PE maintains a memory map of thg traveltimes
stored in lécal.memory of each analysis PE, as well as of
the traveltimes then resident on each traveltime disk.
That memory map is used to continually request the host
computer to transmit traveltime fields from tape to disk,

25 and to request the I/0 PEs to transfer traveltime fields
from disk to analysis PE memory, thereby minimizing
analysis PE downtime which would result from unavailable

travéltime data.

The transmission of traveltimes to analysis PEs

30 follows a bucket brigade approach that relies on the above



30 dat awosaes?l ocal nenory of each anal ysis PE (92 i n Firgaviesgss6sss WO
95/ 34037 : PCT/ US95/ 06555

-76 - 8), both the host computer and the control PE performdata
preprocessing. As will be understood to those skilled in the art,
enbodi nents of the present invention exist in whi ch the host perforns
no data preprocessing. 5 Im&tdition to the above, the added

conpl exity of certain ppeprocessingﬁgrqceduregmpa(tigujarly | end
t hensel veassbgnaenly ecahplerAEltthat (330 hehwisplyedeégsribed bexanyl e,
anti-alias

The qual | Egrere R o) Sty T didnd FhEdedore cnflTed Eife i can

cause steep gbpsrafsift a new NEAIvEIiine Huledivedche khatPsisepmbling errors
of ten being a function of range in the output seismc section. An

undesi r edTravebttmepohiee mapoer QR THiodec &gapsmdtted tohe secti on.

iE ne. LS SO e & : ) o it
the trhcernat¥ate. s RORIF fofd | BbLlLO° et andd s Tl Bubfer rup 0 111
aliasing egegp) "oy PeaRshifdd ore aingliysis PE sheepresneanfELpnge, the sane

| owpass filter cannot .generally be applied to the data to be m grated
for all wbicHephenstrenambes fhat Mg tq pnadyeissEFarurkeri tvers

with indiypaual 1 vrapeei fi6e S148L fndhRARNGISES @haTe 10
transmitted to analysis PE number two (PE2), which then
10 transmits that slice to analysis PR number_three (BE3).
This process continues for all traveitime slices and all
analysis PEs, and is independently performed by eaeﬁ z/0
BE, wh@never traveltime data are reguired in analysis PE

MemeTry .

15 Cther methods of transmitting the traveltimes to the
analysis PEs may also be émpl@yed. Por example, a direct
scatter approach may be used in which the I/0 PEs directly
transfer traveltimes to all appropriate analysis PEs. |
That approach is sometimes referred to as a card shuffle

20 appreoach. éncther appreoach which may be employed is
referred to as a fanout, or legarithmic/binary
transmission approach. In this approach, én I/0 BE will
transmit traveltimes to an analysis PE, botlh the I/0 PE
and the analysis PE will transmit the traveltimes to two

28 additional analysis PEs, all four PEs then transmit to
four additicnal PEs, and sc on. All PEs in the fan
thereby continue to transmit traveltimes to other members
of the fan until all mgmbeis have the necessary
traveltimes. This approach increases traveltime

30 transmission throughput, but at the comstraint of limiting



required tyoRg §s the trace data. The result is that a si ngl e i nput
trace is expanded into several filtered versi ons of th&CTU§PIR6SES ace,
each of which nust then be 25 transmitted to the correct analysis PEs for
t he subsequent analysis. This characteristic of anti-alias filtering,
sonetinmes referred to data expansion, therefore increases t he MPP
systenis data transm ssion burden. Begguse the control PE has higher
data communi cations capabilities 30 than the host anti-aliasing

proocedur esyd B4 Es to WORRA034sks unt
Pl oo o Ey v3%0%4sks until the tr?¥elt1me appropri atel y

per f or ned wrenswiswion dls REmplsteld.cahibenethod Lsapaftheiherd | hoer ed
ver si ons t he ut rfé%&’e di re%%tg to the analysis PEs. |f such
procedur es */%’rree‘%)e % & 5F of h&9HBLt EOt RePRYBENAED2 dad® Woall d need to
be transniiffd stdye Iy heeaRer Q&aﬁﬁmlae%hhfés\gf;%ow %ﬁfngh si's PEs,

I ncreasing the overall "data transm ssion [ oad an n a Ie_ss
ef fi ci &nt pdttsitpaiing FWRR siiecapproachemayr besmost apSropessrd nethod,
therefore, .both the Fﬁ-é- rol. PE and the host perform data

pr epr oces AHF S it degfh CEoREFIPTBENEFI ARRI ViOpY f Sk epeseit a expandi ng
types adfodt GHL GRSV s PEED (35 eanhbtaih@giognga{'get@c?n@lg\é%u%ut ormat i ¢

primarily perform ng-other non-expanding procedures; sSuch
gai n cont rasoupsl afutdersh Adimels| aseignmentindepsbach) t 0 dtiese skilled in the
art, data t_prerpracessi ng , _

: rarnsmission approaches will be apparent to those skilled

10 in the art.

- At the completion of steps 92 and 93 in Figure 8, the
local memory of each analysis PE contains both seismic.
trace data and traveltime field data. Each type of data
will be storéd in analysis PE local memory buffer pools |

15 dedicated to that type of data. The use of dedicated
memory buffers leads to an additional advantage of the.
present method which is of particular bénefit in MPP
systems such as the Cray Research T3D system. As will.be
understood to those skilled iﬁ_the art, each PE in the T3D

20 has the ability to directly access memofy on other PEs.
This capability, which is not a characteristic of all
presently available MPP systems, provides a basis from
which the present method may asynchronously optimize data

and traveltime transfer to the analysis PEs.

25 As discussed above, seismic trace data and traveltime
data transmission to the analysis PEs is controlled by
commands from the control PE.. The control PE commands are
the result of a look forward to upcoming analysis tasks,
which is performed to ensure tpat-appropriate trace and

30 traveltime data are simultaneously available when required



WO 95/34037 :
15 requirenents vary between datasets and anal ytic goal s, Pcmms%ﬂﬁ$ﬁln

association with this primary allocation of pr eprocessi ng procedures,
ot her data preprocessing procedures will be allocated between the
control PE and t he host based on the processing effort involved,
taking 20 into account the respecti.gg.communications capabilities.

The analysis PEs process each trace independently of ot her traces and

i ndependerdy} V10 &;grejsl%@% Pr ageading 8o, «Re &%‘ Imcr‘%r]proceeds for
PES receilve

each trace "as fol First, the anafl ysSI's e necessary
travel ti msn@tzﬁ@r |@H&1@If dine roradst @xt ltheet(raﬁelmnﬁe Ooufféds, Wt ng t he

contiguou up of th slice aSSI nnent appr oac exenpllfled I n
Table 1 a dle% BT &P §Eate t &Flﬂ:orr&ﬁﬁﬁf@l’f el ti me dat a

~from two ta&/ﬁiém HdtGeS Thatf @%@:@@&Eaeé Fﬁﬁ%@:ﬁ%’f altlght traveltime
ES w

cubes. In 30 practlce the anal ySis™ P ave a portion, and
WO 95/ §40Fkfore the time at which no further analysRCT 44380 /X¥utedin
of the negessar ¥Bt ravel ti ne data re5| dent in

-78- t |
| ocal m)é’me e asélﬁf EETRG OF-50dF FORSE <Aty oK JIXAYRI M will be

required. ofafid Stivie Wltaldd B2 thelfbold bEERlrASIR i o
suff|C|ent will depend on 5 the outcone” of the op tlmzatlon procedure.

General ly pxm@ulw cdspich@adst iiw 2etavadsheutben ma;uelé@@.ar eyt in an
aver age of not. rmre t}t?g three new trgveltl nme cubes to be Ioaded for
9

each new S FERMGEER LOnUPERPLNg tagkie When

travel ti nes are to be obtained fromtraveltine - tape, the control PE

sends 19 r eqUESITHG hihieTingOERWrhch tol Erké@NME L ih e Wi Gddane of
travel tinme data from
transfer timing can be implemented in any of several
embodiments. In ene ewbodiment, the control PE monitors
all buffers of all analysis PEs, both trace data and
traveltime data, and initiates the transfer of either
15 trace or traveltime data Whenevgr sufficient buffer space
is available for that type of data. A disadvantage of
this approach is that the coentrol becowmes a.bcttlaneck in
the tranasfer process, since the data transfers, which
occur in a synchronized sequence, cannot begin until

- 20 ufficient analysis PE buffers are available.

in a preferred embodiment which minimizes the need
for aynchrénizati@n; these monitoring respeonsibilities are
correlated with the parantochild.brcadeast hierarchy
discussed above. In this embodiment, each PE moaitors the

25 buffers of its children. Por example, in the binéry tree

example discussed above, the contrcl PE monitors the
buffers of its two children, each of those PEs monitors
the buffers of its children, and so on throughcout the
tree. An advantage of this embodiment is that each PE's

30 monitoring responsibilities are limited to cnly those



travel t i meows343st orage to disk in full traveltinme cube PCTUSPSAI6555
However, the 1/O PEs control transfer of 15 traveltime data fromdisk to

| ocal menory. Each 1/0O PE may transmt traveltine fields to all

anal ysi s PEs, using t he assi gnnent table constructed above, although
each - analysis PEis only transmtted the traveltine slice data
required for- analysis of the depth st8%es assigned to it. 20 The control
PE maintains a nenory map of the traveltimes _stored in local menory of
each anal gshser PPEs awie| vhigh oft dirqafdy rpmmunigeseshethersbient on each

travel tine,disk. . That nenpry 1.S. use contlinually reguest the
host Ebﬂbﬂf%?n?ot??aﬁgﬁfgiir%ég§%?€%§51%§€?stfFgﬁpﬁgsg %X 8?55, 25 and
to requespgt hgnh/ D PEsik® domied Bfad iche|ddtvedn Padent-chiinanpdigk to

anal ysis PE nenory, thereby mnim zing anal ysi s PE downtine which would
resul t from aoevai vabhea maximundegrre qfi #sychronizatiphe transni ssion of
traveltines to analysis PEs 30 follows a bucket brigade approach that
reliesgon the oV SEO3 PP :

beT! e 6aesthe £/0 pes ) BerHOAl a similar travegrime PufLer ynment

tabl es angohlebreAg Penstighy dBsridethgde, if thef diveey teatabke 1.

Assunme for exanple that an |/QO PE Is to transmt a new traveltinme cube
to the anakpupatimg approaqh QPEreRed | IR & i SMPYeCTTSErR $/Pr ansnitt ed
to 5 analys] Eqk 0 : TraMelddde HA168 1Rupker
(TTS2) iSE¥rg§%§i?Fg%pﬁ%yaﬁgTé§$%é%%?ndﬂ%gr one SE%%}% 72 mgﬁgh t hen
transni t sthhat apprea&choeachl y40 sPIPErenebesrs tdif ferentPERLs Bfavel tine slice

nunber three (TTS3) is transmtted to, anal ysis PE number two_(PE2),
whi chl hefirayeltimafshree FhattERYeLE1ne %S%u%fstrﬁé' r'FEﬁbEPnFHF’éePFPEB).

Thi s pfOCgm&oekgpgsgg;géda&mﬂnmaef%' s 4 o kravercdpabysis PEs, -

and is independe ornmed by each I/0 PE, whenever traveltinme data
are requi kedtha apal pEss PBach I/0ePBris then assigned a dedicated -

buffer from the pool of buffers in each analysis PE. The
I/0 PEs monitor their assigned buffers, and initiate

15 traveltime data transfer when those buffers are available
for receipt of additional traveltime data. This process
thén'repeats for the next traveltimes to be transfered,
with the I/0 PE again being assigned a dedicated buffer,
which may or may not be the same bﬁffer assigned for the

20 previous transfer. If the traveltimes are transmitted
using a bucket brigade, hierarchical tree, or other
approach, then ;he_analysis PEs may also be assigned
parent-child traveltime buffer monitoring

responsibilities, as discussed above.

25 An additional advantage of the present.method is that
the analysis PEs may also perform a self-monitoring-
function as to the trace and traveltime buffers. This
self-monitoring function takes advantage of the two-way
message passing capabilities of MPP systems such as the

30 T3D. In this function, in addition to an analysis PE's



15 wbbemsoaet hods of transmitting the traveltinmes to phgysssipgsadal ysis

PEs may al so be enpl oyed. For exanple, a direct -+ scatter approach may
be used in which the I/O PEs directly transfer traveltines to all
appropriate anal ysis PEs. That approach is sonetinmes referred to an a
card shuffle 20 approach. Another approach which may be enployed is
referred to as a fanout, or |ogarith#3c/ bi nary transm ssi on approach.
In this approach, an 1/0O PE wi || transmt traveltines to an anal ysis
PE, bot h tumeitsOimE of themiailabdddltysiof BEffiekle thasaehtofhecéravel tines
to two 25 itional,anaugsia PE%% all fqur PEs then transmt to f our
addi t i onafpEdTeny PRG Fnalygis LERDSHA LR messagheE@bteontinue to

transmt bgayel tbEeshdMeriPof: RIPSuEfer g e! 085 20ug 4 all’ menber s

have t he ‘hecessary traveltines. This proach 1 ncréasés traveltinme 30
transm sstreveive cadiipidondlitdatia t hFogoexampilet ohel analiy8gs PE WO

95/ 34Q37 , , PCT/ US95/ 06555

"80- whhl Geausmil § 994398 fPatadiks haf FracRebufhes| spaee

Lransm ss},08: 126201 PhA! mellatrd B ols af UGLBELREERPP £or chaM ted Lo 2
nunber of PEs equal to a power of 2, as the | ast stage may i nvol ve

t ransni sspanett oPE ct@orrdmemic! adddtibnajattracepdatagt®bshe dhi@pproach nay
be nost ggééggéiate . Where the depth slice assignnents are w dely

di sperse NG R iR SERANRARt e TPREINe \BRLNG BBeEngtRBe conti guous
groups Of p4lepid ok i £y GRRdIHERNY FRRERRENL, Clai SHLSSLON
approaché% w | | beigﬁiarent to tﬁgse g&illea %%9iﬁ tﬁeuéﬁgg 9§§éé£ At
the cidhpl biglots bfhatepsedr rankio®d frbnger préspebified howsér nefiory of each
anal ysi s ggécéggfﬁégﬁtﬁéé&§§”f§9éﬁaﬁing the trace data transfer.

Similarly, the analyvsis PEs will also transmit
messages te the 1I/0 PEs that the traveltime buffer has
gpace available for additiomnal traveltime data; .As above,

15 <depending en the methed being used to transwit the
traveltimes to the analysis PEs, the I/0 PEs wmay
imrmediately respond to the "green light* or may delay
until a prespecified number of "green lights® have been

raeceived.

20 The advantage of buffer contrel through this two-way
message passing charactgristic of the present method is
that the analysis, the I/0 and the control PEs all work
together more afﬁicigntly by reducing or eliminating
instances when the processing by the analysis PE is

25 delayed until additicmal trace or traveltime data is
available to it. As a'result, the processing workload cn
the analysis PEs is more efficiently carried out. 1In
addition, the management of the PE buffers using the
“green light" approach allews the parent PE to incur more

30 of the data transmission burden than is incurred by its



trace dat ' aveltinme field data. Each type of data pcHldosb&s tored.
I n anal ys‘?’g%gé‘“fsgcal menory buffer pools 15 dedicated to that tygééassif

data. The use of dedicated menory buffers | eads to an additional
advant age of the present nmethod which is of particular benefit in MPP
systens such as the Cray Research T3D system As will be understood to
those skilled in the art, each PE in-ghe T3D 20 has the ability to directly
access nenory on other PEs. This capability, which is not a

char act er icHiil@reh .al Ispecifpecaient | yhavgreah! eidhP sprdeith Juidwgles a basis
from - which the present nethod may asynchronously optim ze data == and

travel ti meher pegfeat PF e agyACKIPEOPELY. debiver datl tf ddisssed above,

seismc trace data i ; (L La ] SS{oN t anal ysi s PEs
I's controlqm%?n P@%c%’qrﬁ%\g%%tss g?o%sf'ﬁga%g%{'ég?é@% e ng.n }{rbot PE commands
are t e @fidein Qfight! @plorbachar dheochplaren gveuld Yiss fmsdds to  Whi ch
is performed to ensure that appropriate trace and 30 traveltine data are

si mul t SneceAd) GakA 1350 tIRER Pu&EPrEd and as wiyg 9o Juplprstood to

PCT/ US95/ Q6555 . : : 58 ¢ 4 by the
. 11 k . :
anal ysi s Pse I’sr]fl c}ler‘\ig l?o,thtehg‘rgéntrfgfi Egsrr%yare m?mnlt_-flo“}e either the trace

or the trawidunihdwd ¢exform in mhayhcomputiet esystemsin appropriate tine to
transfer the ~addi tional data. That apErogri ate tinme occurs at or 5
bef ore t h&hanafore MaMCeNG BB Eh@PLAARYYEPSIPEUROR drhff Analyhis -

previ ously_ star | S10 a Okt 'y , lelds.. ..The portion
of the nemqﬁﬁa%f Z:fds%lgn%\ﬁtﬁji’rg%%t g’g%' &np%’ge\;lf%%g S/rél%eor%édéa cfgf'ts zy rl'n.gc% ocat ed
is thqo anmiiids fllaces thecdatangrahsfdat aesponsiieil ftoy arpane ng t asks.
10 This npnitoring approach to trace and traveltine data transfer
timng carPBse highasham gd‘ei FrEsy (3f-ese@Br Bhe PareRbRdi ¥ fRPOsSS thhe

enmbodi ment  the ;ﬁg@lr&erﬁﬁacg@ m%%atssedahboOHf iﬁréoﬂuﬁﬂi&p%ﬂﬁ s PEs,

both trace data _ tinme data, and Initiates e transfer of
ei t her 15 dHeaaconputiatavealdl Meadhtdd sirdbatéonshéhefiestobuiherfapane S

~available for that type of data. ., A disadvantage, of this approach is

that the GOT & BREDARPEE TGS [EHfBFSPRRE LOVAREIPRNsFRS BREE0Ss, since

the dgka t;ffé;gsﬁls ﬁéﬁufany ha@feC s licked ?Pﬁﬁb&&ﬁ'iéﬁ&h SRS cannot
Su ’

begi n "unt i I cl ent "anal ysis PE buffers are avail abl e. In

a pref errathentndidesy, wrid thersfinrecarehpraedably dssignethati zati on,
these noniitoring res onsi,%i,l ities are

transfer responsibility.
The above buffer monitoring and two-way message
passing characteristic of the present method preferably
20 involves the specification of the size of the local memory
buffer pool prior to the initiation of an analysis;
Although a fixed buffer pool sizé could be specified and
not chanéed from one ahalysis to the next, the present
method is most efficiently implementéd if the analyst
25 specifies the buffer pool size as a function of the
analysis to be performed. For example, for-a 128 PE MPP
system using a binary fanout tree, one implementation of
the present method constrains the énaleis PE with the
heaviest'computational load and the analysis PE with the

30 lightest computational load to be processing individual



corr el at edwa 25/84¢37c parent-chil d broadcast hi erarchy di saseedcadagve.
In this enbodi nent, each PE nonitors the 25 buffers of its children. For

exanple, in the binary tree = exanple discussed above, the control PE
nonitors the buffers of its two children, each of those PEs nonitors
the buffers of its children, and so on throughout the tree. An
advantage of this enbodinent is that e&h PE s 30 nonitoring
responsibilities are limted to only those WO 95/ 34037

PCT/ US95/ 06535%&es which are not separated by more th&i®-about sEwed d¥ES Wi th

which it diregtly comuni.c m nimzjng the overall
noni t ori ng @@gﬁ% Crag W&ﬁbﬁeggﬁﬁ% 2 BRe ﬁ%@"‘%ﬁ‘?%v&%dﬂéﬁeﬁﬁnﬁh%at i ons
bet ween par&rgcééﬂaré @;@w&ﬁ@aded E@ofCaHEaMIE B a MBXi fRuUR nfp
asychroni zati on. The 1/O PEs may performa simlar traveltine

buf f er thirg mqmgeﬁm@@itosevsar ogxaﬁghe buffetm bk rdeliannid alo
travel t me ro hdlscuss d _above,is §¥ejc’i each 1/0 PE will
directl § (ﬁﬁpﬁpﬁ% S8 iFy faE cﬁnﬁﬁx%gl EQPE lmlt"kW Shepgrear exfch 1/ 0
PE recei Ve%z‘ééé‘semtchs%@agé*el@netf}ﬁ&@éééi’ﬁé Hé for ﬁﬁi’eﬁd ed' sks

after- the control PE sends the required conman
travel ti ne¢he anadyslie PES, PRbicHathenselvEsiwilihdre aspayned b@e(ﬂwzat ed

buf f er fromthe ooI uffers in e The I/ O PEs

moni tor t h&19 @%%‘%f PEVER éﬁh’e?ﬁl Wa?a%gl%@?%eﬁ@% @ﬁ@ transfer
when those wt@fxfa@@zw ehavarhabker of £PhckCEStPla &%ﬁ} ﬁ%VE| time
data. This process then repeats for the next traveltines to

t r ansf dPed throughiouy the MP® PEnabei afbbtbentlyinmreed dedic aiiad, Mf fer,

whi ch may or not e _sa uffer_as |gned for the 20 previous
transfer. 4%%@99\,%@&% §ean§ ?%gﬁsﬁ’ft? B art. JEVRYSE b D& BigE gade,

hi er ar chi c@n & Rfbed’ oft BRkse buﬁﬁé&@aﬁ’ﬂl“té@éhri@e AU S Ry @l so be
assi gned parent-child traveltime buffer ronitoring

r esponsi bi lthe eapakdldtdesssfdthpoMe? sggtem to bm nmkeli A iomnalevedwant age of

t he presen rrethd IS _th th si s PEs also erforma

sel f-noni t lairﬁia@ exX8; 8% %%gndgga ggt %?%%%g &8 @ouﬁﬁi@rs. Thi s
sel f- Mg t QRN YURCEReBRERKOS @ﬁ&aﬁi‘éééaoftﬁé‘%&rﬁﬁéﬁ"@f : gé passing
capabilities of MPP systens such as the 30 T3D. In thlﬁ? unction, in

addi tion t@a@plgﬁam,@sg@epgrgces, the number of prepr@c@ssmg filters
being used, etc., as well as on the processing effort

being performed. These parameters will generally be known
prior to the commencement of an analysis, and therefore

20 allow the present method to be configured in advance to
oeptimize buffer size and number for the broadcast routine

to be used.

Once specified, the trace data broadcast seguence
will generally be initiated as follows. First, the
25 contrel receives a sufficient number of new traces to £ill
the trace data buffers in its children. As indicated
ab@@@; this will generally iﬁvalvg seven or eight traces.
The control will preprocess those traces, if necessary,
and will then download those pfeprucegs@d traces to its

30 children. If a hierarchical tree broadcast routine is



WO 95/ 34037 PCT/ US 6555
- 83- WO R0 %or i ng of the availability of buffers in ea@ﬁ{'rggss?qsgss

children, each analysis PE transmts a message to its par ent. PE
whenever it has buffer space available to recei ve additional data. For
exanple, the analysis PE 5 will transmt a nessage that it has trace

buf fer space avai l abl e. That nmesggge acts as a "green light" for the
parent PE to transnmit additional trace data to the child. Dependi ng on

the broadaibhadeeay! tABsRCERNIHEEH wille chen MAURNadEE CHY doiguadi atel y

respond Or “may walt unti green 10 I ghts™ have been recei roma
prespeci tioedhedrbehidfiren, ahfisschoh dr eThdedarterdIniRE atiilrlg thied trace data

~transfer. ] Sinilarlé, the analysis PEs w |l also transmt
messages Ob§aiRe 3| PEWPELAFRBENENBYERPERRRES e bYe™ilds IOt space avai |l abl e

for addi tignahst! 2Hekl LERBcAALS: 1edSchPRRen e CRPAHAIR,00 4 he Mt hod

bei ng use transmt the traveltines to the analysis PEs, the 1/0O
PEs nfly avaiilgiiei abelrgcedspont. t oThdecdmprmsin BR gtitll cromEnude ltay
until a prespecified nunber reen | jghts" have been, . received. 20

-_of °
The advaﬁF§@§°€fbHéﬁFEraKBh}FBFlgﬁYo _?Ff%ﬁ@?t%ﬁiﬂ&n?an Peressage passing
charact el agt | Bi1BheSeBhrIChbplch fonous ' ds diheanalagalss, the 1/ 0 and
t he contral s al'l wor together nore efficiently by reducing or
el i m nat begng peirfstraedebywhba chil@rPkesmid¢ley prvecemmltens PE is 25
del ayed until additional trace oy traveltine data is, available to it.
As a resHePeatfe pP&cé?gilﬁ@tﬁgr ﬂ{"a‘éﬁ' ome crga:'t:"rfil Ebh iy 2358 §809qpr e

ef fi ghent] % LR 99 Bl nkBsage bAERI &p O LK JBHIAAATRIY (e the PE buffer
using the Sigﬁ%‘ﬁgreegalight" agproach all ows the parent PE to incur nore ii
: child's buffers become available. This process occurs in

all parent-child pairs in the hierarchy for the entire

analysis of all the trace data.

The transfer of traveltime data from the I/O PEs to
15 the analysis PEs followé an analogous sequence to the
trace data broadcast, including the buffer monitoring and
ngreen light" messaging. Of course, the I/O PEs have no

traveltime data preprocessing duties to perform.

Next; the traveltime data are unpacked and

20 interpolated (94 in Figure 8) over the region of
interseétion of the traveltime cubes. 1In the preferred
embodiment of the present method, the Analysis phase
proceeds only over the intersection region. However,
analysis may also proceed, if desired, over those portions

25 of the analysis cube for which less than four travéltime
cubes have available data. The suitability of proceeding
to those portions will'depend on the relative rate of
variation of traveltimes in space which will be dataset

dependent. In such a case, the above interpolation



30 of th&VAa¥HMOFT ansmi ssion burden than is incurred by it sSPCT/USISH6S340

95/ 34037 , PCT/ US95/ 06555

- 84- children. Specifically, the green light approach allows t he
~parent PE to asynchronously deliver data to the children PE' s buffers
by using wite commands. Wt hout the green |ight approach, the children
woul d be forced to 5 read data into tBdse buffers, and as will be
understood to those.skilled in the art, read tasks are nore tinme

consuni ng @ﬁgﬁﬁauﬁﬁﬁw%@lnﬁﬁﬁqcGﬁp@?eﬁu§§§h@ﬁsm dhfied, ameridiloke reduce a
PE' s abl|l%%%%&e%ﬁp S %ﬁ@%glﬁﬁqiiéblgﬁs ?ac ékload to be carried out. In

addi tion, use o comman eS the data transfer
responsibility on the PEs hi gher up the tree (i.e. on the parents, as
opposed to - (Glotehalski tésentheAprdsentsaethedoie not QoRiived iven With
-the conputational |oad distribhution: Eeneflts of the fanout over a tree
aspect of e Stages: acTees PontTaNeLpirecats frem Kigh spaed masg have a
| ower ls- t ban t are

prefera ly a35|§@a5ﬁ{%%%k ke fegal; @gmagg % 8%&§£¥ AdIRLAS The above

buf f er nonideceimg amed aﬂmémytseemhgé;mant @Ms\gmélaﬂ(ﬁ Sldyeiried , of the

present nethod Q%Terabl 20 ﬁnvolves f ecification of the size of
the | ocal cﬁﬁ?%@PthS OFF¥r mPEet HEheR 34Gh (& P ishisn madelysi s,

Al though a 4fd eed skl er moghlﬁl éﬁ,gga%g.lge éﬂg-c%e*%edf%d@ 410t changed

from one analy5|s to the next resent i's nost efficiently
|nplenente@raﬁsﬁﬁ@tadatpstkeZS/OsBﬁest|whzthe*&aﬁfaﬁlgnmgcgﬂ@ue as a

functl of the ana%yi to be _perfornmed. For exanple, for a 128 PE MPP
systenl si MESRIBATY FTRNRIGETePeBA REARAHL ENERRSR | iR YRl times k@ present

gﬁgh?ﬂecgg%%%gkgéngisa@ﬁgﬁzIglegrﬁ%%%?% 'C%%%Bﬁgglonal Oad&%%l%%a| ' oad
processi ng sitadied duaknalysis W9 35£38408émory, where traveltime

calculations are performed when necessary. In that

alternative, no 1/0 PE's would be required in the MPP. In

15 beth of these altermatives, neither high speéé mass

storage nor traveltime disks would be required. Fimally,

other embodiments of the present methed, such as on the

fly ealculation of traveltimes relying only on data stored

in disk storage, will be apparent to those skilled in the ,.

20 art.

in a preferred emb@diment of the present method, the
unpacking énd interpolation procedures are performed by
dual instruectien caleulation routines whi@h'exploit the
capability certain processing elements have of initiating

25 more than cone cperation in a single clock peried. Por

example, both the Intel 8086C and the Digital Equipment
Alpha microprocessorsg offer this capability. The _
advantage of this dual instruction calcuilation methodology
is that, by using an appropriate coding stvyle, cne integei

30 and one floating point cperation can be initiated in a



traces prgggaﬁq not separated by nore than about seven ompcr/usok/dssstraces’
wWth respect to the sequence in which the traces are downl oaded from

data disk. In that exanple this requires that seven or eight buffers be
dedicated to 5 trace data in each analysis PE. By limting the nunber of
traces which separate the processing bei ng perforned by t he anal ysis
Ps, which thenselves wll be separat-@&#-by no - nore than about seven

| evel s in the binary fanout tree hi erarchy, the transfer of trace data
and traveiihgee dsidck petivdughmteashewdPRloak perébliscaeat|y managed. As
will be understood by those skilled i,n the art, however, the size

and nunbereatiredskt RA%RPIHAGIMSHATE 1 T30 PgnPPoRt foFmAt.
capabilitjes . f&g@@c \% neters of the
data to b p?%%%é£§ﬁ¥Pﬁ§%%§§§gL1§F9?he 15 e%%ﬁg?hg?%bggggﬁggﬁ§f the traces,
the nunbegueh arehitewieures samieePiigitialie Bquipmentt Rdphanber of
preprocessing filters bei ng used, etc., .as well as on the processing

|
ef f or t5 aﬁ@biﬁgcﬁ%¥?o#$mﬁbatr. 3§§P5WEF@F§QHSIFrﬁeWQFﬁlﬁy;SEEVnOﬁm
! | _ i, o el
prior to né?ﬁgggg%@%f% ilgflﬁ:Zd(}:ﬁ@s\é%rs eriid ablae 8 5bakendOplihew t he

present I n advance to optim ze buffer size and
nunber f oppebhet benadcahis denefit dexioese firogd the Once speci fi ed,
the trace data broadcast sequence . wi Il generally be.initiated as
fol | ows. WifZPPTrPREsSICT %oﬁﬁ??ﬁe?e&ﬁﬁ?ﬂﬁ?%aéiﬁ%i%ﬁee TnaRbEPSSE new traces
to fill . Cce.d Drdd o S dre e 41 1A%el gdi-cated =~ above,
this mﬁ||°88%§?é§§§ %ﬁv§+@% seven or eight tracggﬁe The control wll

preprpgesglbhesagt peins, cpéracbmssarag will ded undelrstived Bywthose t hose
preprocessed traces to its 30 childreq: | f, %1hi9rarchical tree broadcast
routine i skilled inyghesanyg3As a result, with use of an

PCT/ US95/ Q6 . . atelv 18- folg | Mpl ement ed,

; d style an approximatel fold

t hose chlﬁagggpﬁ%FFetﬁgnl%?oa cast1ﬂu§%races Y to their children, and
so on. Theneeshsel iREowetall hemlculatuinmigpeedaran kec obdadnedepr ocess it

but will not transmt that trace to its children until a buffer is 5
available to regeivgqily T0EnEORIL Choffovid b iR Ve
15 calculation performance by replacing floating point
operatioﬁs by equivalent integer or bit manipulation
operations. By way of example, but not to be limiting;
Figure 15 can be used to demonstrate this coding
technique. Figure 15 depicts two consecutive traveltime
20 slices, 31E and 31M, from cube 20, and seven intervening
depth slices 30F-L. For convenience, only traveltime grid
points 29E and 29M.and analysis grid'points 28F-L are
shown. Note also that analysis grid points (not shown)
will occur coindidéﬁt with traveltime grid points 29E and

25 29M.

One purpose of the overall seismic data analysis
procedure is to compute the contributionfeach seismic
trace makes to an output variable at each analysis point.
The procedure to be followed, as is well known, will first

30 require the determination of the two-way traveltime



moni t or WaPHB4033vail ability until the trace can be br B6HA8Y9658hi ch

occurs asynchronously of other tasks bei ng performed by the child PE,
and the process then repeats. As indicated above, the child PE wll

al so send 10 a "green light" nmessage back up to the control as the

child's buffers become available. This process occurs in al
parent-child pairs in the hierarchy Tor the entire .analysis of all the

trace data. . Jdhe Lrapst of traveltine ta fromthe,|[OPEs to
157 ne. aREpsipsepeetrh Ptk I e ot G R A 25 ehew) "wtbhce qat
br Oadcaseachn@ha@%@@st peibt| f eha oseddrd NdistNdhat cwd-@ap | i ght” nmessaging.
O course, the |/0O PEs have no travel time data preprocessing duties to
perform traveltime Kexdeterminesach itraceitsn congnibpsdoodaantihal0

i nterpol ate 94 in,Fiogure_8) over_the, region O intersecti on of the
L ravels] RuSdubae pRRERL RptrufYoipt "Edfity Feove. EREVEIELERE ot non
the Agal ¥$bSchl@S8toredPESLCEHEvEIE ind \WFid FRiintec 2SEC hh@N26RYi ON. However,

anal ysis may also proceed, if desired, over those portions 25 of the
anal ysi sThuBetravedhitn Luterpobatiouris rzamiimede It dabsbehave avail able

data. The_suitabilit f_proceedin t hos rtions wll depend on
the rel atrbepidatipt BroBRRREF vliten ol et R0 RaRaBe Khech i |1 be
dat aset dual éapeddadion! aaﬁgﬁﬂz.@wa@@,tw@ﬁ&@%m?; elBRkatEON

- 87 - procedure will need to be suitably noditied, as will be

apparent to those skilled in the art. | _ Note also_that the present
nmet hod i s not IR hecfimple exgmpleaffigureds ofther Syavelfdmgata from high

nEr oS ReeppBREPA°ehRSHRL 10u Aol BTG BRBAG 6" 000 |

const ant wegkeeint gsniiddliowbBen such a sinpl e nodel is desired. In this
enbodi nent, the |ayered nodel is transmtted to the 1/0O PE' s, which
then cal cul ate the 10 necess travel ti and transmt those traveltines
to tﬁ%)analysig%aggq ﬁl?@%%gﬁﬁﬁklvﬁ;ﬁﬁé I*aydfdd nodel may be st or ed
in analysis PF |ocal menory, where traveltime  ~ calculations are
per f or megpubensngsessatie thd-whp!trave R i RaldotdatBl WAELPE s would be
required in the MPP. In
' traveltime point 23E, t{M) is the two-way traveltime
15 assceiated with traveltime point 29M, c(£f)} is an

interpclation constant, and t{(28F) is the interpolated

two-way traveltime at analysis point 28F. Assuming a

linear interpolation technigue, for example, ¢{f} would be

equal to 0.3125. Slightly restructured, e@uati@n {1) way

20 be written as:
(2 t(28F) = [1 - c{E)It(E} + c{f)t(M)

Once this traveltime interpolation has been completed, an
analysis step must be performed. That analysis step can

be generically represented as follows:
25 (3) x{28F) = x’' {28F) + ylint{t(28F)}]

where x%(28F) on the left hand side of (3] is the output
variable at point 28F, and is the sum of {(a) the variable



15 both gf alternatives, neither high speed nass age_nor
travel ti ne%%dgfgﬁvmul d be required. Finally, ot her enbl(’)(?illt,ﬁéeﬁggssgf t he

present method, such as on the fly calculation of traveltinmes relying
only on data stored in disk storage, will be apparent to those skilled
in the 20 art. _ In a preferred enbodi nent of the present nethod,
t he unpacki ng and interpol ati on prggedures are perforned by dual
instruction cal culation routines which exploit the capability certain

processi ng ,o! @8Nt s whatd Q& kRet batplg aridple f@@@l@ﬂ?%%x@talﬂn in a
single clock period. For exanple, both the Intel 80860 and the Digital
Equi prent  previlowsd Yniddadyeede §¥8€esofndr (bhi sheapamttibyt idthefrom

advant age qf this dual_ _inst i a t] net hpdol 0g) | 5.t hat, by
usi ng an ag:rﬁacﬁ?r iyaﬁé:1 55(#%95%% 3;7;’ g?lgn%ggﬁgeégglgﬁeggnﬁt o%“ef Itogtqur?g‘ poi nt
operati on ey banth Ypekedioh associateWOw2bh3dPEde v is a
PCT/ US95/ 06555 _ . . -'88- single clock

peri od, Swhergeensionc fyorn fdrasdagapeint teqinteger f foomat opeguitrashs are in

floating point format,. .. An _additional fit_of micrpprocessors

i ncor por at i1g*°€ %é’ﬁcﬁ’_‘%‘EﬁFtS t%fsag}agafggggeai?%ft %‘ﬁib‘ﬂe’rﬂt%%a 5

ar chi t ect urgynmatt.hatrHit e@en yeRer atepnwidl ebaDkRown i €& those HOMPILE ed by
the m croprocessor than are floating point ~operations. This benefit

derives frdm tthe art.nicroprocessor's shorter internal pipeline.for integer
operations as conpared to the internal pipeline for 10 floating point

operations, as wd l;89 wqdes %Oag AYehBOBE. thosS*ikd Pfed id Nhdiidre 25 @
result, with usé of an appr o PI ate codi ng. styl'e an appr oXi ha etly

two-folld eqidtdleAs®)i reaudralsl acabtalabEofospeflostindep®it®i ned. ‘
The codi ng techni que achi eves this inproved, 15 calculation performnce by
repl aci ng fARREELIENFoi Fd equasdPRy i(3hs YBFUAEEF vare nintegeyand ons t

TPl 5L Bhons s AL e Bl Y OheBANE Suckbdtigdhde |1 110
depi ct s t wopEaaEou idependay ent tie p2évishstespedidrmed ddadigrn cube 20,
and seven intervening . de%thc§lgg%%n§gF-%. For_conveni ence, only
traveltlrnaﬁﬂqﬁjellmlnatlng any opp y for relying on the dual
15 operation capability of the processing elements, this
direct coding style will typically involve six consecutive
operations by the analysis PE. (Cénsecutive is intended
in this discussion to mean consecutive calculation-type
operations, and does not include other operations the
20 microprocessors may be required to make to perform those
calculations, such as load and store operations necessary
to place the desired data in the apprcpriate internal
registers as required.to perform the calculations. The
requirement that such other operations will be performed
25 by the microprocessor will be understood to those skilled
in the art). In contrast, an integerhoriénted coding
styie could complete the same analysis in substantially
fewer consecutive operations. This coding style benefits

not only from the above described capabilities of the

30 processing elements, but also from a combination of



poi nts 29%v BM%M and analysis grid points 28F-L are sg%sgﬁ%hgs al so

~that analysrs grid points (not. shown) w || occur. coincidént

traveltine grid points 29E and 25 29M One pur pose of the overall
seism c data analysis procedure is to conpute the contribution each
seismc trace makes to an output variable at each anal ysis point.

The procedure to be followed, as is wehl. known, will first 30 require the
determ nation of the two-way traveltine . WO 95/ 34037

PCT/ US95/ 06058  hutes uniquely asscciated with the deffh slicedss@ciated with
each source-receiver pair (not shown) wth each anal ysi s point, and,
second, useravaltiv®-skice decomppsiiticost dederdbatnabeveh trace's
contribution at that anal ysi s point. However, as discussed above,

traveltinmes 5 are only.stored.faqr Lr ige.grid,points. 29E and 29M
Thus travel ti the eir%o J‘aé“lci{:)gnq"lss(%rheac'fu|a§‘§g§’l gﬁ%giég %gg d él‘l’%ﬁ%r nﬂzﬁ ation
procedur e ¥hdLdn Gservede Rdhalitige eflicke 31E adaabiMalstdabigme capability
of the processing el enents. In the sinple exanple of Figure 15,

the trdvel inpervdles| ntds polaguwt r &4 fo8erpPlaharysFranpernts 285 may be

itt fall " (1 . 8F) .= A - + t(E
%;r ee'? ( E?g?‘fghtf%@%%g%\%ﬁ/é‘t Z‘t}arxﬁeﬁufm}%( és égn'a %f% g%ﬁ%&%@;latiéxghel ti gre) poi nt
29E, t(M téchheghian-ey tiligillde £l . 1885Q¢/ 8} ed F‘btheiﬁrﬁ%ﬂ:} | e POI Nt

29M c¢(f) is an interpolation constant, and t(28F) is_the interpolated
t wo- way trimeerpedationmonsiantydion sidre A8Euwpugdabe C{flnedy125

i nt | at i L que, | fo). s woul be _to 0.125.
S ohery s el e rER Fhied X RIS peC il 208 850 Fa )  SEHRY 10 D)
t (28F)ig- [d.37¢({318Y Parkd dd )éd.M Thus, @gaatibhs (Ryayghtbee interpol ation

has been conpl eted, an anal ysis step nust he perforned. -That anal ysis

step can wridbeegenerically represented as follows: 25 (3) X (28F)
= x' (28F) + vy [Int{t(28F)}] ~where x(28F) on the left hand side of (3)
I's the outpyi, t(28%) = [1 - ©.125Jt(E) + 0.125t(M) |

and the _analagous equation for slice 28C is:
(4) £{288) = [1 ~ 0.28]t(E) + 0.25t (M)

1§ Note, however, that eguation {(4) can also be rewritten as:
(47} £(286) = £(F) + [L(M) - £(®)]/8)

Therefore, the incr@mental'inﬁarpelated time for each
succeeding analysis point 28G, 28H, 28I, etc., is a linear
multiple of 0.125 (1/8), as given by the latter term in

20 gquatién {4’), with that increment added to the time
agsﬁciated wiﬁh the yrecéding analysis point, i.e. t{28%)
in equatien (4’). In floating point calculations, an
interpelation procedure involving multiplications by
m@ltiples of €¢.125, alternating with summatiens such as in

25 (4°), thereby results.



variablsvégsﬁgﬁpt 28F, and is the sumof (a) the variable VO

95/ 3403 PCT/ US95/ BEEEEIS06355

- 90- X' (28F), which is the output variable resulting from al

previ ously anal yzed traces and (b) the contribution from trace y (a
trace presently being analyzed) at tinme t(28F). The "Int" operation
associated with trace y is a 5 convession fromfloating point to integer
format required since the indices of array variables nmust be in

i nt eger faewaterThis 2AobyE: ScS1OWLMidnd At A4l O chROgEmaki | | ed

in the art. As will also be apparent to those skilled in the art,

10 equathbsrpelatedurive idncpementfcinre fakdaineg boi msing awoper ations,

and equation (3)_reguires_one _ integer d one floatin oi nt
operatioﬁpggggﬁugglgg@ﬁgéﬁc%%%%?ﬁg_ t'_ %ﬂ%hﬁ§519? JEfits ofi°Fhe previously
per for medygRglali 8He commhRdS- eLERENEE | W) AN Akicegieky for relying on
the dual 15 operation capability of the processing el enents, this

direci cetinhmet§retqi Perfgpncalbinayyw shiftsiof variablei teby operations

by the apalysig.PE__( ut Lvesls, | de i_n.this di.scussion to
nean'conggﬁéfiéég%SFcﬁﬁgiggni%yﬁ%ég;lg%%gFéﬁ¥5h§}° &ngbgglﬁgt i ncl ude
ot her opgi@tiensyt becéfmah€! OPS DREFSETE, NEBhAE(,eQyi Hedehi¥BkEBnLO perform

t hose cal cul ations, such as |oad and store operations necessary - to
pl ace thtodéividingab¥ 16t AR aPProMr i afkeyefiatienalto ther egtenbrs as

el e 2. 0g! LapELLbescal S S 80%0n Wiwacso S0/ BIGRL, LB, stch ol e

operatio e“perrormne eTmecr tinder st ood

to tiwseiskiehbedarithnatibemayt imptove Wbnmiat idh ispe@ebyor i ented coding q
style could conplete the same anal ysis in substantially f ewer
consecut pkdowWpagadnohBtegar sORSR PRt §P o @maxfiormed atngheoshpefrom t he

above degelibed capBLELAL S0 Phe HFe Ak RLOCEIUIVIALY BHEN! BpePUt alsO froma
conbi nat o] _
depth slice decomposition method involves a power of two
decompdsition,'and as long'as an appropriate coding style
15 is used, and further provided that neither the integer nor
the floating point operation requires the result of the

other operation as'an'input parameter.

The present method thereby incorporates the following

techﬁique for interpolating traveltime data and performing

20 seismic analysis. First, as traveltime data are input to
local memory of an analysis PE, the tréveltime values are
multiplied by the constant 6versampling factor.ls and
converted to integef variable format. This multiplication
is required to ensure no loss of traveltime resolution

25 during the subsequent integer operations (t’=16£ in the
following). As will be understood by those skilled in the
art, the magnitude of the oversampling factor will vary
depending on the resolution of the traveltime data, which
in turn will depend on the nature of the dataset from

30 which the traveltimes derive. Relatively sparsely sampled
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attributes uniquely associated with the depth slice and traveltine slice
deconposi tions descri bed above. Note in Figure 15 that depth
slices 25F-L divide the regi on between traveltine slices 31E and 31M
into eight 5 intervals. As a result, the interpolation constants for

each depth slice, presunming a |inear=Paterpol ation techni que, are

mul tiples of 0.125 (1/8). For exanple, the i nterpol ati on constant for

slice 28F spismdcpdater payoresylt in 3/ enalley avexsamuldngflattse C(g) = 0. 25

i tten - Por ths edbRitisgh @RH588g°0e)dekes1d YR dhagls B, ¢

anal ogous peAuesvN tf A ol 1eegaBCEastor. A(fdgnitudd (ABRackdrl is 0. 25]t(E)
+ 0.25t(M 15 Note, however, that equation (4) can also be rewitten as:
(4") t tyr8@als but) is ppt( kP bet cenprpyed as Iimfting.e, the increnental

interpolated tinme for each succeedi ng anal ysis point 28G 28H, 28I,

oL ot | iy ephBettad 1280 (AU0)copsudluam it idie 4t Ler er

equati o I'ncrenent ad “"associ at ed
with the preacadiisgdnalsyfciipwsnt, .i.e. t(28F) in equation (4'). In
floating point cal culations, an i nterpol ati on procedure invol ving
mul tiplications by _ _ nultiples of 0.125 alternating with summations such
as in 25 &), the#@&&are?s&ﬁ%*gﬂ?t Tat “ VD @/fmo@ﬂ
PCT/ US95/ 06555 : -92-

Note that this term is identical to the last term in (4°), .
if the initial multiplication by 16 is not taken into

10 acecount. Equation (5) is a one time only calculaticn for
each pair of depth slices. Thereafter, the following
coding style is employed (the following sequence
represents the equivalent of three consecutive cycles of
computations involving (2) and {3} above and directed to

15 analysis points 28F, 28G, and 28H and again excludes the

implicitlv-required load and store cperatiens):

{6} t’ (28¥) = t’ (28B) + delta
(7 £({28F) = ishfr{t’(28F), -4)
(8) = x(28F) = x(28F) + y[t{28F)]
20 () t’ {28G) = t’(28F) + delta
(10) t{286) = ishﬁﬁ{t'ﬁzaGE, -4}
(21) x(28G) = x(28G) + ylt(286)]
(12} £’ (28H) = ¢’ {23@} + delta
{(33) t{28H) = ishﬁt{t'izgﬁ), -4}



However , Wd95ad03yger cal cul ations are used, the sane | NpEFoQsRked tinme
I'val

I ncrenment can be obtai ned by using an ‘integer arithnmetic equival ent,
-the shift command. For exanpl e, the command - ishft(t,-3) - uses
integer 5 arithnmetic to performa binary shift of variable t by ‘three
digits, which is identical to the floating point di vi de by 8 conmmand.
Simlarly, ishft(t,-4) is equivalent-24- to dividing by 16, and so on.
Therefore, to the extent that a conputation involves an operation by a
power of 41410 i nt&JéBHari Fhxé2PE) nhyy [wR8H) conput ati on speed by
allowi ng an integer operation to be perfornmed at the sane time as a

floating Lat r akl Q0 oyi dgd t 3 dept h sl.ice deconposition
met hod i n\i/&g:t\%egﬁgepoh\ﬁgr E(ai?ﬂtgwg' 57 eco]fr%(t}grlﬁﬁla(rﬁ ecg’r?d c&s.l‘clug'ﬁ‘&lgg an
appropri abé dadeggrstpkrm tso-wayusealve Bithdsirddmiciit@d da¢Ht Rakynei ther the
I nt eger nor t he f|0ﬁting oint operation requires the result of the

ot her opePHFFERIZEIAANRAYEL pg?éﬂ%t F, 28G, and 2fik pS&epst Tnetled t her eby
i ncor por a e;fhobhow pg s kechni gue, f [ rpol atin ravel ti me data
and pgsr)f o%?nan%BZaSB égi }sénmeceaﬁ%?égi%? ﬂ’iii P’s?‘J é"is}'%t%'rsg%é)l })lyrrg'sﬁiat a are input

to | ozabyuiesdr yootoanertatysi swdkway herdvatdhids®ahl ¥es are
mul tiplied by the constant oversanpling factor 16 and converted to _
i nt eger vaPFABFELYoFRRLSATHRLVGE ! t i PReRGUIFectly scadgdi vedues ensure no

055 of { paelh SRepgsel vhiou7e s Wngeequent inigagt operat i ons

(t'=16t in the oW Nng be Undér st'odd’b e®LRilled in
t he athe &helyaiai steps ofot hehovenss o duadiver ankllsyary:
depenﬁing on the resolution of the traveltinme data, which in turn wll
depent? onPPRBERat GPE/ 0f8Fhe®®At28%t from 30 which the travel times derive.
- Rel atively sparsely sanpl ed WO 95/ 34037

~ PCT/ US95/ 06555The advantage which results from eanFigﬁg-FFéee?':ﬁglc dat a

may result in a smaller oversanpling factor 0
wher eas rehati ¥vtggernandefbodtinttppint opexptiens| alteraatafger factor. A
but_i.s.nQt. to _be construed as limting.

'gagnitUdﬁﬁégféﬁﬁggéﬁéfﬁﬂ%ﬁ?%%éégggff?ﬁpqﬁﬁ}ﬁ }eS: 561 8€i bAKER  deter mi ned,

as fol |l ovagvantage of. For example, (6) and (7) are integer

15 operations which must be initiated by cohsecutivelclock
periods. However, (8) is a floating point operation whose
output is not required for (9), thus allbwing (8) and (9)
to both be initiated in one clock period. Similarly, (11)
and (12) can be initiated simultaneously, as can (14) and

20 the ﬁext step in the prpgression.(nOt:éhown). This coding
Style thereby improves analysis PE throughput, as compared

to the coding style iﬁ which fldating point operations are

initialed sequentially by reducing the number of clock

periods which are required to perform an analysis.

25 The above coding style direétly results from the
power of two depth and traveltime slicé decomposition
technique disclosed in the present method. 1In practice,
the above example would be encoded in_loops within which.

‘the largely sequential coding style can be carried out.



(5) #R) dsPgqys shft{[t' (m = t'(e)), -3] Not e t hat 1;(%]1 gts%gggls

identical to the last termin (4'), if the initial nultiplicaton by 16
is not taken into 10 account. Equation (5) is a one tinme only cal cul at i on
for each pair of depth slices. Thereafter, the foll ow ng codi ng
style in enployed (the foll ow ng sequence represents the equival ent of
t hree consecutive cycl es of -conput.gglons involving (2) and (3) above
and directed to 15 analysis points 28F, 28G and 28H and agai n excl udes

t he | ML | A a1 RY rcgdtmaaceaémhom eRer ébb@é‘séx t
(28F) =t'(28E) + delta (7) t(28F) = ishft r2%8F) -4} (8)

X(28F) = ﬁm@d@é yio( m);pnag@ry( gpnvenience (88LY, ﬁﬂd (:H@Fz?otr welta

(10 28G 280, -4 28G 280)
'[tzzac;)]t(b 2 Isrgt@% %3")133?&%"286)?&&‘%%?’3”@’ (“‘El @ulfi((ﬁst)Jr =

i shft{t' (28dy d‘%]hat in théoa%‘l@iﬁmple the variables in steps
PCT/ US95/ 06555 - 94- (14)

X(28H) 3= §,28i9, moyl[a.(lZSHﬁFe all imsgarhuareqh&esomhﬁe %heand 12 invol ve

t he cal cul at | on é,e er form gwo ga ir avel £t nes, assocj ated with
each 37&;,‘?3’11@{) SERPI28E, 128GH4 aREE a@%?@nﬁo 5
and 13 'nVQ}a)éﬁ,ém%sSh' sy c%@zt’.&%sﬁs %ﬁhstﬁé Bi‘z_.éﬁﬂal ccz?iz?ﬂva ues

convert the two-way traveltines back correctly sca These
correctly sicalwiialalalds operagionsn &ex@egér thar sabe e Int hetpeiteion)g, 11,

and 14 are he anal ysi.s steps.for the three consecutive analysis 10

poi nts, 28@% %%@%%ﬁﬁ variab &es,Tﬁga g@ﬁﬁ?% B#r2% results from

equations 6-14 is that integer and floating point operations alternate,
10 The above integer-oriented ceding style may also be

applied to interpclation from the traveltime grid to the
analysis grid. Specifically, the above example |
demonstrated the benefiteg of employing the integer-
‘eriented coding astyvle for interpolating from traveltime

15 slices tec depth slices. -chever, that interpolation anly
results in a traveltime value at a traveltime grid point
location on the depth slice. Purther anélygis on that
depth slice will reguire ﬁréveltimes at the analysis grid
pe: 1its. Therefore, as described above, a hcrizcntél

20 interpolation on the depth slice will also be required.
Sp@cifically, as depi@ﬁed in Pigure 13, an interpclaticn
from ﬁraveltima'grid points 33A, 33B, 33C, and 33D to
analysis peint 28 is requiréd. Provided that analysis
point 28 and other analysis points (not shown) subdivide

25 the traveltime grid along the X and_Y axes by powers of
two, the integer-criented coding style can alse be invoked
for the horizontal interpolation. &as am example, for a
four-to-one ratio, three analysis grid péintg wéuld iie
between consecutive traveltime grid points (along each

'30 axis-X and ¥), and a linear interpolation multiple of €.25



therebxwg?%§hgpg processor capabilities to be taken &Hgﬁﬁggbgﬁgtof. For

exanpl e, nd (7) are integer 15 operations which | at ed by
consecutive cl ock peri ods. However, (8) is a floating point operation
whose output is not required for (9), thus allowing (8) and (9) to
both be initiated in one clock period. Simlarly, (11) and (12) can be
initiated sinultaneously, as can (14)gand 20 the next step in the
progression (not shown). This coding style thereby inproves anal ysis
PE throughpys) @&ug@npar eflployed Oif hené othtuhet Y8 drft athidlyitlgeat i ng poi nt
operations are initialed sequentially by reducing the nunber of clock
peri ods wsityeare required to performan analysis. 25 The above’
coding style directly results fromthe power of two depth and
traveltine slice, de 0S$ii] . t echnjgue di,scl osed i n the present

met hod. In prag Fge?BQP i#ﬁégg%]é%%l%@a% lg RIS FEBHES °Fna11§ops within
whi ch ahBeybasgpbynsequensi bt §@ABEvS M & 1&ase 118 red Ifiiedd out . WO
95/ 34037 - 95- The formality of the

- notatidn FﬁeFﬁéi§B§§@nexén§FéthsSliceFW%AAchﬁiqoinck§GNQﬂm¥m@ryacbnvenience
only, and.i : . . be S | i m.tation, .Eurthernore, it

shoul d betgrgvge%ékngd.sg‘ RSt i nﬁgﬁgﬁ% o(\g%g’ex%rrp I_le_a h_séL Svgﬁlgbpgé'nitn steps 5
6,7,9, 10, ¥2113beateintlident egeth védcnbd sve Miinlee grti pointvari ables X and Y
in steps 8 11, 14 are floating fojnt variables.. This contrasts with
t he origiﬁbﬁrééerﬁg geyherizontal nigkerRrkaticipatidili Hies reavwdeegs the sol e
"Int" ope i N red o Lh . varia r.e floating point. 10
The above%?%fggé%YS%Feﬁgggt%ogéﬁéggﬁi evﬁgé{a 3%%%@1%1me §86PFed to
i nt er ppl ahindnnbr o8xthealr anettpotagionl will e requai@ldy For debdn ' .
Specifically, the above exanpl e denonstrated the benefits of enploying
t he i nt egffices cgipgh@Pt cBLFA PR XA IBing fldQsol afiowgvereneveavel time

15 sliceg, (R deptf k' ' I s pQl ation qonl . .tesults in
whe2e’HB 56 éal*?r)){‘@é/ o1d '1%
a traveltine \?a ue g? a ﬁr-ave tl rggrl p%lln q{E%%S%%I% 3 V%rtlcai
‘interpolation may be necessary, and where no vertical
interpolation is necessary, a horizontal interpolation may

15 be necessary.

The relative amount of improvément in MPP throughput
- which results from the above deécribed coding style-will
depend on sevéral factors, including the éxact
characteristics of the microprocessors being used and the
20 manner in which the softwére'compiler generates executable
code. In addition, the relative amount of improvement
will depend on the number, sequence, and speed of required
load and store operations, as discussed above. The above
coding style will allow a two-fold increase in MPP _
25 throughput, as compared to the floating point coding
style, and, as will be understood by thbsé skilled in the
art, with some'compiiation and assembly lénguége tuning by
oﬂe skilled in the art, may result in additional

| throughput increases.



| ocati on B#®%5@d3dept h slice. Further analysis on that PaEWSHsoEEisce Wil |
require traveltinmes at the analysis grid points. Therefore, as

descri bed above, a horizontal 20 interpolation on the depth slice wll
al so be required. Specifically, as depicted in Figure 13, an

I nt er pol ation fromtraveltine grid goints 33A, 33B, 33C, and 33D to
anal ysis point 28 is required. Provided®’hat analysis poi nt 28 and

ot her anal ysis points (not shown) subdivide 25 the traveltine grid along
the X and Y axes ‘B¢ ¥&igr PEs’ neyp compute i agnitamedegidmgost yl e
can al so be .V f rpzont td on. . As an exanpl e,
for a fg%i%%%ggnégﬁaak ?Egﬁggeggnal§%}%rgéﬁé#é éﬁ R

bet ween consdrieh eeallyaiel potecgrod poé ndept | sNiheante @Qh?@?“t%ﬂ@x and V),
and a linear interpolation nultiple of 0,25 WD 95/ 34037

PCT/ US95/ 06gserture for the trace and which amalysis ggints arel/ 4) woul d be

| d t st Vvl Not e t hat
ner pol 3t 1 SRR RR o BPPERIFReq Tof zprete T fed re pat k8 hS ot e

above in trawelgel B floebe cohtapnedf igathe procaianily Youedny suche

coi ncident with each traveltime slice. Furthernore, an analysis grid
poi nt withiath Ehegenanadieif PAivee et ardhinnthy @@@g@m regicn

Ther ef or e, h I e equ for analy5|s
poi nts coi n(%% 2 iﬁ&%ﬁ £ @évgﬁgiﬁéﬁ'@%#&é 1%}0 End rv?Pf“Fc&Face

I nterpol ati on ‘m@knle Bepthgsliedsf{ otheeppdrture YWildeotOicoaicdent a Wryt h a
However, even where no horizontal interpolation is

t |t |
négggsa @E %n%i§§ﬂﬁa901n*5rn%%rﬁ%¥%¥|?ﬁ5§n%/qyglnééﬁgbd@ye alh@ where no
verti cal calbﬁi%EEBHQtLB”béSn@§£5§ﬁ@ﬁyfof’éHQE 29553/ oh”EEEEoééék%” may

15 be necessa
sllce) will result.

The trace data and the traveltime data are used to
compute the contribution of the trace to the analysis
15 result for all analysis points within the aperture (86 in
Figure 8). As indicated in Figure 8, this is repeated for
all traces in the group initially transmitted tc the
anaéySLS PEs (97 in Figure 8}, and is then repeated for
each succeeding group which is transmitted from the

20 contrel PE to the analysis PEs (98 in Pigure 8).

The calculation of the contribution of each trace to
the analysis result may opticnally involve an additional
int@rpalaticn. This interpolation invelves the resampling

_ of the data trace. As will be understood toc those skilled

25 in the art, the standard sampling of seismic data traces
is at an interval of four milliseconds. Therefore, after
the interpolaticn described above is completed and a |
traveltime has been computed for each analysis grid point
on a depth slice, the calculation of the contribution of

30 each trace to the analysis result at those grid points



The relgfli unt of inprovenent in MPP throughput lch results from
Phbilad RRAeET <

t he above ™destCri bed coding style wll depend on se

i ncl udi ng the exact characteristics of the m croprocessors being used
and the 20 manner in which the software conpil er generates executabl e
code. In addition, the relative amount of inprovenent wi || depend on
the nunber, sequence, and speed of regyred . Iload and store operations,
as di scussed above. The above coding style wll allowa tw-fold

~increase ip; MPRydbetd DO 1 v S SUBALEM Ehg1ikaak g pgknt coding

style, and, as W !l be ‘understood by those skil]| n the art, with
sone conpitezacendatral s s | tyinea mpsyadanliyngoryespondiagskol tkd in the
art, may result i{n .aijdi t j.onal t hr.oughput i-ncreases. WO 95/ 34037
PCT/ US95/ O65B%g calculate or each analysis grid poing§y. However, iffhe

anal ysis R LY € reToTcYe r£gi SO ¢4 r (95 in
Fi gure 8) gﬁeﬁln?%:%ﬁput at fa(‘)%]élg%t er né'llr%dg tG %ﬁ."%&!&ﬁg‘?ﬁ??%b?ﬁ?g on the
depth i ceesampled hiraddadata tame wirld fmoret kdoserdgecoarntesbonfl vsal ysi s
points are 5 outsjde that aperture, - The result |s used to_set the
range on | BRpsEERRR G HE #a‘?F t‘ﬁ'léa Ik 9IRG - Y3EPnEheuBRPLitURat ¢t hose

anal ysi s PobAESsiaihg e I @Rld Watdf tdn@Nalso b eeéewﬂﬁéei%om t he
processi ng [oops. For Sonme traces on sonme depth slices, the aperture
will not cospadduaing lthe azmatecti sanpdiltiude iforwhhebh gaziéd point|ahdop (i.e.
no calculations to _ﬁsﬁgperf rmed for. that trage on that depth slice)
will resulthat trace. % d&t AaAdCrREser 2PeFPEnRCaRraChref used to
conmputy t ' [ i afude0 the analysis 15 result for all
anal ysll%s B%l?&n?@ﬁﬁ% n%gsalp%%ﬁe (grgoi n Figure 8). As indicated in .
Figure 8, this is repeated for all traces in the group jinitially

transmitted to ¥hethe prgrentimetiped, ghenefpirgur @asgpartndfi shehen repeat ed
for each succeedi%g Kelgo a"&i C tias 21 m'ttefdli fromthe 20 control PE
to the andfy3TSTPES (98 Tt Figure B)- “he angh¥sEy| BatRtFon of the
contri but iwiciofn et dpeanrurte (96 irh@Fianaleys)s ehsuUtiabBYdQPii &Rl 1Y

i nvol ve an addi ti onal i nterpolation. This .interpolation involves the
resanpl i ngresampked peremid fquic i ldd sfiqondpdniryErdt dewnt 6ot dosreski | | ed

15 fourth millisecond interval. This resampling can be
performed by any available interpolation procedure.. For
example, linear interpolation procedureé are well known to
those skilled in the art. Alternativély, other
interpolation procedures, such as LaGrangian, spline, or

20 other higher order methods, may also be used. It should
also be noted that the trace data resampling could be
performed at other earlier times in the_method, or by the
contrgl PE or the host computer. However, resampling
increases the data volume (by a factor of sixteen for a

25 four millisecond to a 0.25 millisecond resampling), and,
as discussed above in association with thé data
preprocessing aspects of the present invention, fbr data
communication efficiency the resampling is therefore
preferably performed in the analysis PE just prior to the

30 final calculation. As will understood to those skilled in



25 i nvwdes/api7, the standard sanpling of seismc data tyaasssmesss i S at an
interval of four milliseconds. Therefore, after the interpol ation
descri bed above is conmpleted and a travel ti ne has been conputed for
each anal ysis grid point on a depth slice, the calculation of the
contribution of 30 each trace to the analysis result at those grid points
WO 95/ 34037 -89~ PCT/ US95/ 06555

- 98- will generally involve selecting the anplitude of the trace

data at thehsi aetposhe naissvy rewargsinondiesgridet A6 for HemBnsekstighed for
~each analysis grid point. However, if the trace data are resanpled to
a finer tiRBTEPEPE SRhY, apd ddMfteda R copstavermesWiinitbrs. cl osel v

correspond to the traveltime for the grid point, with the anplitude

correspondi ng tgetbhp éjf’-ﬁC@,éLaé Bt dhaVes Dl %ﬁggg%ﬁ&?l ach ' €producing
e a

the correct anplitud or that grid point and race. The result
is an i ncreaskysihst PR merairss \tied fm}auhama@gmaSIresamysferpéa@ndure

In the present nethod, therefore, a rt qf the processing of the
trace data®PorYehe %ﬂ%ﬁ"%s@% ?ﬁ'ﬁlht%fa \ﬁs@ﬁﬁﬁe@h@eﬁp@r pli-eegpotROBE gure

8), the ”éﬁ&l §£§ t8 455 LR ftroorﬂl%kr%ﬁ'ieg‘ %haéﬁcgﬂg h@égfva' down

to a one- ourt |second I'nt er val resa can

per f or med ﬁ@rapgsh@améeaﬁzngrpmnquﬂuﬂ@&n“%ﬁdme@ugare E@c Forexanple

i near |nter$ @tlon rocedures are wel] known to those skilled in the
Y

art. Alterf%eF P ?ﬁﬁOcesgl@QﬂQﬁqmﬁ@%ﬁqﬁgtpPBEEHErE@Sdgﬁéhfﬁgm
LaG angi angepekhfCses 20 rigin W g%%rm%haggu EBYq@Lapabe 4sed- 1t

shoul d al so be noted that the trace ta resanpling c
perforifed final heroeessimy zeésw.in the nethod, or by the control PE
or the host conputer. However, resanpling i ncreases the data vol une (by

a factor of sixteen for a mllise ond to_a econd
resanpl i ng), %n above, i Z%§§ﬁ§§§Hh§b8§§ A 8sBET FFoﬁEQ#%hE?ﬁ%n%ata
prepr ocessségs@@e@i-éc@ésiﬁy dpIsenlt ioneant ipeR, ek&{m%ﬂét ache m&QHBANI cation
efficiency the resaqgllng i's therefore preferably perforned In the
anal ysi s F@@u@% WEe rte generate seismic images using prestack

Xirchhoff time or depth migration analytic routines.

15 . Kirchheff techmiques do not reguire direct interaction
among depth slices of the image, can rely on ccmputed
traveltime arrays which may alsc be partitioned into depth
glices, and involve input data which contribute
independently to the variocus slices of the image. 2an

20 alternate application of the present method is wave
equation modeling by ﬁiﬁite differences, where each group
of consecutive depth slices in the model will generally
regquire relatively little exchange of data with a group of
neighboring depth slices. 2 third application of the

25 present method invelves reverse time migration by finite
differ@n@@s, which also invoclves groups of comsecutive
depth slices which generally require relatively little

exchange of data with a group of neighboring depth slices.



30 final wabgasbsxtion. As will understood to those skill egddrfiysesinssi¥O
95/ 34037 - 99- the art, the above

resanpling exanple is for denonstration pur poses only, and is not to be
construed as limting. After all trace data have been processed,
each analysis PE retains the final analysis result for each 5

anal ysis point on each of its assignedidepth slices; those anal ysi s
results are output to disk files which are used for postprocessing
procedures (99 iFuftigermosy, thHe@rmethodxammlbe, usedt pbopessong @ipr edundant

output results from several sets of comon offsets coul d be used to
generate a BOVePRhafDYPL RUTSRF IR, Q0 seismic datgpe BMBvéSnethod can be

used in an BT E-TAIE | H8nfnc’ LN ications. . For
exanpl e, thggﬁgéﬁﬁiycg can e'ﬂ%e to geﬁ@fggggggigﬁﬁgg#nggeéggg?ﬁﬁ

prestack foKirehhettor idipor Ieptsh gergraflilgnpapébyikd poubines. 15
Ki rchhoff techniques do_not require djrect interaction anong depth

slices tREITRELRD B FASKIE c ARLBEPVides; paperhedechirrays which may

al so be pargilioneehd hp ?ﬁ?é‘ in a YdiGhic ARAeLBHO! VanLIPHLadREa wWhi Ch

contribute I ndep to the various slices of I mage. An 20
al ternate appthodtcam lof Al iprd dentDMeanad yiseswal ehough ggadt woDl meslel i ng

by finite differences, mher%c, ch S%Pup- of consecutive depth slices in
the nodel vRAPPALRRerty |gRe ski e frtel $hei E¥RBERRERANGe of data

. W th a grouge Obmposi 19 ANd 1k Qﬁﬂottmes'ih%ﬁtiégty m%?gﬂégeunﬁf%#g%of the 25

present nethod involves reverse tinme mgration rences,
whi ch allso fowoswels gpmwlicatforsonsecuti ve depth slices which generally ‘
require relatively little exchange of data with a group of nei ghboring

g(é-lp-} []JSS|5} 82;55 Fina\{R}?,S/t 4eog\:l.7nvent:ion is not merelylbatpited to 3D

analysis of 3D data. For example, analysis of a 2D slice
through an analysis cube can be performed much more |
quickly and more cost-effectivély than with prior art

15 methods. In such applications, 3D seismic.data and 3D
traveltime fields will be used in the present method, as
described above. However, the depth and traveltime
decompositions, rather than focusing on entire siices
through the analysis cube, will focus on single lines.on

20 each of those slices, with analysis PE aséignments.
iﬁvolving those lines, as will be apparent to those

skilled in the art.

It should be understood that the invention is not to
be unduly limited to the foregoing which has been set
25 forth for illustrative purposes. Various modifications
and alternatives will be apparent to those skilled in the
art without departing from the true scope of the

invention, as defined in the following claims.



Furt her ' met hod can be used to performdip qgﬁﬂgﬁ
correctrgﬁgﬁ%%&geisnic data. DMODis typically perfornmed Int e conmon

of fset domain to correct for reflector dip. It is generally perforned
prior to 5 mgration and stacking, and provides a netho
preserving all dips in a sei'smc section. The present :

applied to DMO anal yses al though, as wigdibe appar ejifgiso m
inthe art, the traveltine . .deconposition aspects of the L ﬁgy
be sinplif i eg:ad e fegaigly .appl i cati ons. ‘Finally, the i nterfti on
Is not nerely limted to 3D anal ysis of 3D data. For exanple, analysis
of a 2D slice t hrough an anal ysis cube can be perfornmed nuch nDre

qui ckly and 910r e xQade1Rfd est 'n‘f%lc)ésts@?«g Wel BrREi Q8tATdrn 4 ScomRiads.

such applications, 3D seism C data an traveltine fields wll be
used in the gysssnthawimgdulis.ple pr@esssmgdeéem@smwm,snm thept h and

travel ti ne deconpositions, rather than focusing on entire slices

t hrough t he 5?5?' cube, will focus on single lines on 20 each of those
slices, with analysis PE assignnents i nvol ving those lines, as will be
apparent sto thosey) agedighied ahalpeiar tasks to a plifaBbhoplsk haia
understood that the inventionis not to be unduly limted to the

f oregoi ng whi ch has baueesasings ellemeRtBSor || ustrative purposes. Various
~nodi fications. and alternatives will be apparent to those skilled in

t he art w t hout f h ; e.pf L - } nventi on,
as defined in thg9follg&ﬁxé}%%%5#%géh 8@%&%8@3&8@ of p“égbmpUteé
traveltime fields by sequentially downloading :
said traveltime fields frem high speed mass
10 storage to traveltime disk mass storage and

therefrom to said analysis processing elements;

€) employing staged downloading of said seismic
data from tape mass storage tc data disk mass
storage and therefrom te said analysis

15 processing elements; and

d) processing said seismic data on said analysis
processing elements using said precomputed

craveltime fields.

2. The method of claim 1, further cowprising the step of
20  outputting said processed seismic data to output mass

storage.

3. The method of claim 1, further comprising the step of
cutputting said processed seismic data in unstacked

format.

Sheet Has Been Rt[ila ed
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-101- VWHAT WE CLAIM | S: 1. A mltiple data stream net hod of
processWags/a88%smi c data, said seismc data corresporRfiTMSIs6sEs subsur f ace

region of the earth, said processing perforned 0ﬁ‘&~5-CQEQgL§L‘%X§tem
~having nultiple processing el enents, said ri sing the steps
of : a) assigning analysis tasks to a mﬂﬂgﬁr"mlm&lm
plurality of said processing elenents each ‘LIyS|s

task relating to an i ndependent 10 ~ portion of said &ubsurface
regi on; enpl oyi_ng staged downl oadi ng of preconputed

travel tinet fiel™dhe W@'&ﬂlé’rﬁ CHL dowhPEERPRgCOMPTising the stgR| Qf avel ti ne
fields fr%g?é'ﬁ)%{bess%%.% B3 sels]mrlc data uégﬂgagehéggtéc?rxo%elgéfm di sk _mass

storage a therefromto sal nal eSsing el enents;
c) enploying staged downl oadi ng of said seismc data from
tape mass storage S therefromto
“sai d anal y52| S e %t%tda o(}l %Irig‘gg'sz'l néuéFher ?on‘prf%lﬁgg%‘e step te
procesmnnhggughﬁﬁysmnpnﬂﬁau&pmm tasisanel §8i Feast one of saldWOCGSSing

el enents by using said preconputed traveltine fields to carry

out saPd PEASRSSing elements, whegehs sahdr EPPUBARRERGES PrARgssing
processi “99[1[ menits, daun %%i R t%Qg?gIE@é 2L a8 ok S8 G é’ﬁia 25

i ndependen eac sal d ana pr ocessi ng
el ement. traveltime disk mass storage to said analysis processing

elements.

6. The method of claim 5, wherein said traveltime'fields
10 are downloaded to said analysis pfocessing elements using

bucket brigade communication.

7. The method of claim 5, wherein said traveltime fields
are downloaded to said analysis processihg elements using

direct scatter communication.

15 8. The method of claim 5, wherein said traveltime fields
are downloaded to said analysis processing elements using

logarithmic/binary communication.

9. The method of claim 5, further comprising the step of
assigning control tasks to at least one of said processing

20 elements.

10. The method of claim 9, wherein said control tasks
comprise the transmission of 1nput/output requests to said

input/output process;ng elements.

11. 'The method of claim 10, wherein said control tasks

25 further comprise the transmission of requests to download

This Sheet Has Been Reﬂlac
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-102- WO 95340371 e net hod of claim1l, further conprisinGdfissSh&Rs of

assigning input/output tasks:'to at Ieast one of said processl ng

el enents, wherein said input/output processing éTEﬁean“dﬁWHFead_said
traveltine fields fromsaid 5 traveltine di sk nass s} A o) al ysis
processi ng el enent s. 3. The net hod of cld§p o ’w
conprising the step of assigning copgsol tasks to* at §1c said
processi ng el enents. 10 4. The  net hod of claim 3, mhereln said control
t asks Coigid S idid IQNSIFT0Radk aaeat ét@gkl%lésé gét&tgﬁ@ 9 a' d

i nput/ out put processing el enents. : he nmetho aim ereln

sai d controlandy&is praogasiag edepense. the transntSS|on of requests to
downl oad 15 said traveltinme fields fromsaid high speed mass storage

to said traveltime di sk mass storage. 6. The nmethod of claimb5,
wher ei n sai dZontThs metdicd of cflaithal, cehpress sabd staprdl aplsks ating a

menory mp sai d tr.avel fields, said_nenory nap being used in a
20 | ook- ahdXtF Shiftfe GOF% g&ﬁﬁdltﬁﬁtngrﬁpﬁﬁ§ﬁﬁ§gpoﬂfo¥e gfs to |dkﬁ?t'§’éll/% put
request ssandsszal Gelise! data f"r%tmdlgﬂﬁ’”t:ﬂﬁg mass | SERde to sai alhe

met hod of claim11, further conprising the step of —assl gni ng coﬁtrol
tasks to at dzﬁ%m&aﬁemmed 25 processing el enents. 8.
The nethod of any of clainms 3 through 7, wherein said control tasks

conprise the transm ssion of requests
13. The methed of claim 12, wherein said controcl tasks

further comprise the tramsmission of requests toc download
said traveltime fields from said high speed mass storage

I0 to said traveltime disk mass storage.

14. The method of claim 13, wherein said control tasks
further comprise the step of calculating a memory map of
said traveltime fields, said memory map being used in a
look-ahead mode tc coordinate transmisei@n of said

1§ i=zput/cutput reguests and said traveltime field download

requests.

'15. The methed of claim 1, further cdmprising the step of

assigning control tasks te at lea@t-@ne of said processing

elements, wherein said control elements transmit requests
20 to download said seismic data from said data disk mass

storage to said analysis processing elements.

16. The method of claim 15, wherein said contrsl tasks
further comprise the transmission of reguests tc downlcad
said seismic data from said data disk mass storage to said

25 analysis processing elements.

T



to downl earssaesr seismc data fromsaid data di sk mass  perustiigkage to
sai d anal ysis processing el enents. 5 9. The nmet hod of any of clains 3
t hrough 8, wherein said control tasks conprise the transm ssion of -

requests to downl oad said seisnmc data from sai

to said data di sk mass storage. 10. The net hilﬂﬂmﬂm III'MIIEFB 1
t hrough 9, wherein 10 each said i ndeperftfent portion df $ai 8 stibsurf+ace
regi on is a substantially horizontal depth slice. 11. The met hod
of clai m 10,17 ur theretbodpoifsprgceleisgepsismicofata on a compwer assi gni ng

d of anal t h of 15 . epth slices; and
) %" comput | Y SHTL A BL TSP UR o BFBFosi B SpRRTS . CoMbrising Tia §'for

each said d Sldgce, wherein said processing of said
seismic data 1S limted to said anal ysis points within said
‘aperture. 20 '12. The method of claim 11; further conprising the steps
“of a) a)stodBWQWQQSGHGOﬁppréuaﬁaF9sI%9%@nNQﬁwﬁhﬁzﬁﬁnﬂh for
aperture

TP O SR SR Reif BraGRLs: Be5pet e R PTOPRERE invo

substantlally horizontal depth slices;

-104- 9

b) distributing said depth slices among a plurality

of said processing elements;

c) employing staged downloading of precomputed
10 traveltime fields by séquentially downloéading
said traveltime fields from high speed mass
stofage to traveltime disk mass storage and
therefrom to said plurality of processing

elements;

15 d) employing staged downloading of said seismic
data from tape mass storage to data disk mass
storage and therefrom to each of said plurality

of processing elements; and

e) using said precomputed traveltime fields to

20 process said seismic data on said depth slices.

18. The method of claim 17, further comprising the steps

of:
a) assigning a grid of analysis points to each of
said depth slices; and '
25 b) computing an analysis aperture for said seismic

data for each said depth slice, wherein said

This Sheet Has Been Rei
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plurality ssing el enents. 13. The net hod OfC%hﬂb@%#ﬁ%
further cgﬁ%%#iﬁﬁg the steps - of 5 a) for each sal dept h

slice, using said aperture : nputation to detern1ne a

cal cul ation | oad for sai d dept h slice; :ﬂﬂl I“l | "ﬁ?
assigning said depth slices to said pluirality 5|ng

el ements so as to approxinmately 10 ~105- evenly di stfibuté the

cal cul ation | oad assi gned each said processing el enent.

14. The nethod of anyppheebsing df sdHOUMishic WaeeeiB 1imigaddebravel tine
fields are preconputed for a plurality of _substantially horizontal
traveltine slices. 18aidsanalyeispdint oiwidhdiomsadd apersizmea grid of
travel tinme points is assigned to each of said traveltine slices and
said traveltine fields are preconputed for each of said travel tine
poi nts on eachsof e deetlend|dfi nh.asin 48s. furtherigompTheingttivel sifeps ai m
15, further conprising the steps 20 of a) speci fyi ng

travel tinme re®Brence Iocations on : t he surface of said
subsurface region; b) defining a traveltinme cube for each said
travel ti mg refereQ§p |Q§ﬁ§i s3¢ computed analysis apertures as an

- 105- preconpu ing said traveltinme, fields on each
aperture map of said depth slices; and

b) transmitting said aperture map to said plurality

cf processing elements.

20. The method cf claim 19, further comprising the steps

10 of
a) for each sald depth slice, using said aperture
computation to determime a calculatioen load for
said depth slice; and
b) assigning said depth slices to said plurality of
15 processing elements so as to approximately

evenly distribute the caleculation lead assigned

each said procesaing element.

21. A method of processing seismic data on a computer
system having multiple processing elements,

20 comprising the steps of:

a) decomposing a subsurface region of the earth for
which said seismic data is to be processed into
substantially horizontal depth slices and
distributing said depth slices among a plurality

25 of said processing elements;

1T



said traveltine slice for each said traveltine oi nt in each
sai d t V2233 e cube and storing sai d pPETUAPYR6EY travel tine
fields on said high 5 speed nmass storage——~—————$l———lhe—nethod

of claim 16, further conprising the steps each
said traveltinme cube, storing said aﬁm‘mwelm !!ﬂ ”m sai d
hi gh speed mass 10 = st or ag i n two subset

~subset . i nvol ves absol ute val ues of said traveltine

fields for a first 0 e ri,d._points on
each said travéltlngﬂgﬁﬁgr Ee%&hﬂoéiﬁ& ééi&m%ub%&ﬁ§%§%1553%§%0ﬁ& ubset

i nvol ves i ncrenent ak plﬁrallty of suygta&slgﬁlynﬂdkﬂﬂaﬁﬁaﬂ| me fields for a
second subset of said traveltime grid points on each

said traveltine sli&&avghgime slices gnd dispridutingispid avel time cube,
conput i ng I I I fields for 20
sai d second subset (t)-' ??%ggﬁgl rgniefa%ég &ﬁgn%ts;ﬁi %lqla%ﬁg‘tyT% me'?'ﬁlod of claim
17, fusther conprispmgcéb31ﬁgealement@i interpol ating said traveltime
fields fromsaid surface reference | ocations to source and receiver

trace point | ocati ons ,on said éurface of, sai d_subsurface region.
19. The netho&of SAPLBYiRFaFRRI9E FPVRARAARY fharsGemPuted

traveltime fields for said traveltime slices by

sequentially downloading said traveltime fields
from high speed mass storage to traveltime disk
10 mass storage and therefrom to said plurality of 'I

- said processing elements;

d) employing staged downloading of said seismic
data from tape mass storage to data disk mass
storage and therefrom to each of said plurality

15 of processing elements; and

e) using said precomputed traveltime fields on said
traveltime slices to process said seismic data

on said depth slices.

22. The method of claim 21, wherein a grid of traveltime
20 points is assigned to each of said traveltime slices and
said traveltime fields are precomputed for each of said

traveltime points on each of said traveltime slices.

23. The method of claim 22, further comprising.thé steps

of

25 a) specifying traveltime reference locations on the

surface of said subsurface region;

Sheet Has Been Re(Iaced .
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each sai dwiyeai@syi me point on each said traveltime slice ,
SPAPOSHS

commensurate with one said analysis point on a connensu
slice and wherein at |east one said 5 analysis point T35 IHLclpuacu

bet ween adj acent traveltine points, further co Tl

i nterpolating said traveltine fields fron1saidn§ﬂwgw @ Hﬁoﬁﬂﬂﬁe
points to sai d interposed anal ysis-poirnts. : ¢The net

claim19, wherein the ratio of said 10 analysis pbints to said traveltine
points is a powerppf defihi®g a travellimelREbeEiFeedeabnchgigy 20, wherein

each said traveltine slice is commensurate with one sald depth slice
and wherei n at | ebSaveheimeireiaganes|losetiion;naedposed 15 between
adj acent traveltinme slices, further conprising the step of

i nterpol ating saigytray Le . fJ S of adj,acent traveltime

slices to said ing%rpgéf%é%égkééﬁé(§%14$Egavejtl%% %% h&n nﬁ?ﬁ§d5§¥ claim

21, wherein the ratio ofaeeltimelidrptforsldaets saddsdrdvbl 8YRbt h8Bns! i CES

is a pomgg of two. 23.. The_nethod of claim 22, wherein the ratio of
d

said ept h sI|cesl¥o§%§ﬁcFﬁ#@nﬁﬁﬁﬁﬁ%?%ﬂ% §@§QI§HQI§§@I@§gOﬁéld ~and
the ratio of said anal ggé;ééé§%¥ﬁigé §“%5&%n8n Fa%§g§ ﬁ on ggld

comensurate slices |s our 0 one e€reina
traveltine slices are msss gsasrdage. each of said plurality of said
processi ng elenents

24. The method of clalm 23, further comprising the steps
of

10 a) for each said traveltime cube, storing said
traveltime fields on said high speed mass
storage in two subsets, wherein a first subset
involves absolute values of said traveltime
fields for a first subset of said traveltime

15 grid points on each said traveltime slice, and
wherein a second subset involves incremental

- values of saild traveltime fields for a second
subset of said traveltime grid points on each

said traveltime slice; and

20 b) for each said traveltime cube, computing
absclute values of said traveltime fields for

‘sald second subset of traveltime grid points.

25. The methecd of claim 24, further comprising the step
of interpolating said traveltime fields frowm said surface
25 reference lecaticns to source and receiver trace point

locations on said surface of said subsurface regiom.

is Sheet Has Been Rzﬁ
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-107- 24. The nethod of claim 23, wherein each of_said plurality
of sai dVR68#8%i ng el enents are assigned a cont i guobSTYPBEB5%t  ei ght

depth slices. 25. The nethod of any of ctrarms—i—through 24, wherein
5 said traveltine fields are downl oaded in a p order and
wherein said seisnmic data are downl oaded in an mmﬁu@gm, uence,
further conprising the steps of : -108- snic dat a
i nto comon of f set format; extracting trace

poi nt | ocat,ions o] c data;
pol I ?Lg fLeRbd of claim 25, fwsﬁ%ﬁceﬁg ted sekpd

ernmning sald opt
conparlng o@i:d trace point locations with said prespecified
order of downl oading of said -15 traveltine fields. 26.
The method of claim25, further co a)

ng fhe ste
sorting said trate pBPRLIRHRE: RoFEL n?% analysis pd%'ntss&?u«?ﬁf‘gsogf

clusters; and 20 gai3 BepthUsiNGesa vhSRMUEGHRN Haid xRl tiifesal d
conpari son. 27. . The method of claim 26, wherein said conparison

conprises: point on eaCh)salthraweﬁnxme(ﬁiuﬂe:ya d processing of
sai d

commensurate with one said analysis point on

said commensurate depth slice ‘and wherein at

least one said analysis point is interposed

between adjacent traveltime points; and

10 b interpolating said traveltime fields from said
adjacent traveltime points to said interposed

analysis points.

27. The method of claim 26, wherein the ratio of said
analysis points to said traveltime points is a power of

15 two.

28. The method of claim 27, wherein each said traveltime
slice is commensurate with one said depth slice and
wherein at least one said depth slice is interposed
between adjacent traveltime slices, further comprising the
20 step of interpolating said traveltime fields from said

adjacent traveltime slices to said interposed depth slice.

29. The method of claim 28, wherein the ratio of said

depth slices to said traveltime slices is a power of two.

30. The method of claim 29, wherein the ratio of said
25 depth slices to said traveltime slices is eight-to-one and

the ratio of said analysis points to said traveltime

This Sheet Has Been Replaced
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seismc %%/34@37 b) the conputation of statisticodififsosaisss

sinmulation; and 5 c).  the use of said statis termne said
opti m zed sequence. 28. The nethod of any cf ¥
wherein sai d processing of said seismc data

I nvol ves a dual function cal cul ati on nmet hodol ogy. Joarsar ol 1
claim28, wherein said dual function -i¢walculation methodol ogy’ conprises
the steps of ' a) converting a floating point paraneter to

i nteger forpatintandn salid commbhsurabet 8diteg iatdger whndidd oaldang poi nt

15 operations in a single ¢lock period. _ 30. The net hod
of clai m 29 WM& Rts 228885t E%@YF&FM“@ 168 2% AeHemstidicogy furt her

conprises t _ fq plurality 8F tJ L Og. sai . | Nng poi nt
par anet er b)r}é% 5‘%{%5% _ plura %vzr 8sa?fp ?n%f#%%%r?&a%ldé &%é b)
conputing an integer tine shift paraneter. 31. The nethod of any of

claims 3 thiguohohe GUERRR o c160HPSLST Plell8: ORI IO dARk OF downl oading

said seismc rom sai nass storage to said anal ysis
-10- 5 picgsding elfcewrdtis progedsingt e hénenos cnsd il gpiaNta

nmoni toring seismc data buffers in said anal ysis processing elenments to
optim ze t hEFGHTCHNE FFHP Ofi L9t deRRh c8li¥eBt 0 said anal ysis
processi ng el enents. '

32. A method of processing seismic data on a computer
system having multiple processing elements, comprising the

stepe of:

10 a) assigning analysis tasks tc a plurality of said

p-ocessing elements;

b) employing staged downloading of precomputed
traveltime fields to sequentially downlocad said
traveltime fields in a prespecified order from

15 high speed mass storage to traveltime disk mass
storage and therefrom to said analysis

processing elements;

e) sorting said seismic data into common offset

format;

20 a) extracting trace point locatiomns from said

common offset sorted seismic data;

e) determining an optimized sequence for
downloading said seismic data by cowparing said

trace point locations with said prespecified

25 order of downloading of said traveltime fields;
and
TN '



5 32.  JlpysArgzhod of claim 31, wherein said downl oadi ngpgfysesnesl d
seismc data to said anal ysis processing el enents uses a ?ogarithnic

tree broadcast. : 33. The nmethod of clai'm 32, wherein two-way fessage

passi hg anong sai d anal ysis processing el enents ang [ hda
el ement is used to asynchronously optim ze sei mmmmuw;mmmgt
t hrough said tree. 34. The net hodiiaf- any of cl*ai s 8 thraoug .

wher ei n said control processing elenent nonitors traveltine field

buffers in said aal ysising eeedsbpgifleeBNEsqion®d] i dhiFFoyling tdt@iged
downl oadi ng of said traveltine fields to said  analysis processing
el ement s. 35. TPendeprdadorfafgidfseianke datarbigm Wpevmass n

sai d i nput/out put pro%%%ga %Eeggg%gdgg eﬁgg §§é¥£§¥ %&9 t-a.id ravel ti nme

fields to said anal ysi's processi ng el enent s. S od of
claim 35, wherein sai dd BaUt anklybis proEOEEHRd NGl ShE Sarfdni t or
traveltine field buffers in sai d anal ysis processing elenents to
optim ze _the downl oadi ng ,of said traveltipge fields to said analysis 25
processi Ag el ene)s. Processing said seysmiqdatadpFFd ARRIHSIE wherein

two-way nessage g;a:%?e%m@t \e@e@eﬁegduéﬁwtéﬁa t&soa}e&xn&ﬁﬁééd ng el enments

and - said anal ysi ocessing elenments 1s us asynchronously
optim ze said downl coadinayedtisai diebdstraveltinme fields to said anal ysis
processi ng el enents. 38. The method of any of the above clains,
wherein said processing of said seismc data on said analysis

33. The method of claim 32, further comprising the steps

of:

10 a) sorting said trace point locations into

sequences of clusters; and

b) using said sequences of clusters in said

comparison.

34. The method of claim 33, wherein said comparison

15 comprises:

a) the simulation of said processing of said

seismic data;

b) = the computation of statistics for said

simulation; and

20 c) the use of said statistics to determine said

optimized sequence.

35. A method of processing seismic data on a computer
system having multiple processing elements, comprising the

steps of:
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processi %%ﬂﬁ%nts further conprises the step of r@,&@.ﬂgbé&g 5sal d
a

seirsm c 10 39. The nmethod of any of .the above cldins urt he
conprising the control tasks of 1) downl oadi ng said —h—SELﬁﬂ_*MLEﬂjLIjoP
said data di sk mass storage, 2) preprocessing said dowll oaded seism¢C

data, and 3) downl oadi ng sai d preprocessed sei snic (il

anal ysi s processors. WO 95/ 34037 _.411- ﬂ i mm,m”mw”m
PCT/ US95/ 06555 : : a) deconposing a subsur f ace reglo% t*he :
earth for de 128 i 3Ghalkeada! el ot BPUH WHILEN! O

substantially horlzontal pth Slices and assigning a grid of
anal ysis points to eacthich Baid seismic datd dsptd isé impsxessed into b)

distributing said depth S|IC€S lurali . of said
processing el ements; 84 Stant*aiﬁg’ gf’ﬁ%%ﬁ@ﬁile%%@%sﬂﬁ%%i@%ubsurface
region into a | |10
traveltinme slices and gggign gaaEEF& BE éﬁQE&Qﬁé ﬁgiﬁ%éuwd%ﬁ#%?ﬁggpoints

to each 6f said traveldsine depth slices; sllces,
distributing said traveltine slices anong said plurality of

precomutod o B distntbting path aeBER 81 6% P & HIHAU s by
sequentially domnloadkﬁggﬁakpg&gﬁgggghge@ﬁéﬁéﬂ@sa from hi gh
speed mass storage to traveltinme disk nmass storage and

therefromto said plurality of 20 sai d processing el ements;
f)  enpl oyi ng st&ged famme@a@es@m@pséagdsa@@sﬁubsurfa“e region igfice from
tape mass storage to %gt aiﬁ*

3% substantially horizontal
10 ~ traveltime slices and assigning a grid of
traveltime points to each of said traveltime

slices;

é) distributing said traveltime slices among said

plurality of saild processing elements;

15 e) employing staged downleoading of precomputed
traveltime fields for said traveltime slices by
gequentially downloading said traveltime f£ields
from high speed mass storage to traveltime disk
mass storage and therefrom to said plurality cf

20 said processing elements;

£) employing staged downloading of said seismic
data from tape mass storage to data disk mass
storage and therefrom to each of said plurality

of processing elements; and

25 g) using said precomputed traveltime fields omn said
traveltime slices to process said seismic data

on said depth slices wherein said processing

i



storage_and therefron1to each of said plurality of processing
el ement W0 2334037 25 ~ @) using said preconputed trabETUF863Fel ds on
sai d traveltinme slices to process said seismc data

PCT) Usos) ogsas. | o C S processing -nﬂﬂﬂlﬁﬂlﬂﬂlﬂ|||||||||||

i nvol ves a dual Function cal cul ation met hddoltog}).

The nethod of claim35, wherein said &U% function - cal cul ati on

met hodol ogy conpri se eps vertlng a floating
poi nt paraneter to |§P&ggygg B%alhy EunCt*%ﬁréﬁlc b)
initiating integer apdthbdatibgg¢.poi nt operations : in a single
cl ock period. . 37. The nethod of claim 36, wherein said dual function
10 cal cul ati on net hodol ogy further conprises the steps of: a)

nul tiplyi ngesai dnl aRthdd Bei Blapa’ 5P Whe¥isaid dual functi®¥er sanpling
factor; and b) conmputing an integer tine shift paraneter.

38. A et leed cofl agicne skhgdalipgy prempbi®es Wi¢ sstepsofof 15 seisnic data on
a conmputer system having nultiple processing el enents, conprising the

: f
or hat 3 ) ) BogyBREihE%a SR 1 Sattnd BEut PrdPeh TS drtesiion 20

of fsets; : format; and

b) initiating integer and floating point operations

in a single clock period. ‘l'

37. The method of claim 36, wherein said dual function

10 calculation methodology further comprises the steps of:

a) multiplying said floating point parameter by an

over sampling factor; and

b) computing an integer time shift parameter.

38. A method of processing multiple common offsets of
15 seismic data on a computer system having multiple

processing elements, comprising the steps of:

a) sorting said seismic data into common offset

format;

b) grouping said sorted data into groups of common

20 offsets;

c) sorting each said group using trace point

locations;

d) determining an optimized sequence for processing

said trace point location sorted data by
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c) sortinqm§ ifid group using trace point
d) determ'ning anh.optim zed sequence for processing

trace point |ocation sorted data by This Sheet 12 BRI
said trace point location sorted i group wi t MygEm iein Replaced
sequential downl oaldfii! i u!“[l Mw preconput ed tr '
e) =~ downl oadi ng sldidRBkigHk! ' tko saigiprocessing 5 lA8ES

n

in said optimzed séqdénéé; a _
seismc data on said gomparing eachl 3835 1tM% R ?ﬁ_g 'locatiﬂr?’.gs rtedret hod
of processing seismc data on & conputer system having mu tlﬁ?e
processing el ements, ceapupswigh be tordest eifs seiguential dowrd)cadiaspighi ng
anal ysis tasks to a plurality of said . ) processi ng el enents;

b) ~assigni ng i nput/ oREBGCTREERE tHayeltdae fdedd sai d
processing el enents; 15 c) downl oadi ng preconputed traveltine
fields from \ i .sheed . _ t Q. Irav ' | Sk Ss
storage and, usi ng’sai §°ﬁﬁg3%p&§’ﬁ%p%%“§§g’e%’ts@%§%a ¥ S%\é‘% tﬁg%ecegﬁ%ﬁg
downl oadiyg said traveklemeRel erdsaid ogtimized getfiedidedmay@d said

anal ysis processing elenents; 20 ) enpl oyi ng staged downl oadi ng

f) processing said downl oaded

of said seismc data fromtape nmass storage to data di sk nass
storage and t her ef? om P¥oseisgingawpdids downloaded seisgniscdatianprelaaisht s;
e) -assigning to at |east one of said processing 25 el enent s

the control tasks of 1F*PfES8iNg eiements

downl oad sai d

‘transm tting of requests to

39. 2 method of processing seismic data cn a computer
system having multiple processing elements, comprising the

16 steps of:

a) assigning_anélysis tasks to a plurality of said

processing elements;

b) assigning input/ocutput tasks to at least one of

said processing elements;

18 c) downlcading precomputed traveltime fields f£rcm
high speed mass storage to traveltime disk mass
sterage and, usin§ said input/cutput pxocessing
elements, dbwnleading said traveltime fields

therefrom to said analysis processing elements;

20 4) employing staged downloading of said seismic
data from tape mass storage to data disk mass
storage and therefrem te said amalysis

processing elements;

e) assigning to at least one of said processing
25 _ elements the comtrol tasks of 1) the

transmitting of requests to downlcad said



-114- traveltlne fields to said traveltinme disk mass
storagWO%ﬁdOJZ) the tran requests to PCT/US95196888| oad sal d
seismc data to i Shedaf, mass storage; and 5

processing said s ” mmc@al d anal ysi s m

el enents usi ng sal fields. hod
~of claim 39, wher c data is downl oAMﬂ"’ﬂ@ﬂ"’M@h@”

di sk nmass storage to sald 10 analys%% processing el engnts trol

processing el ement, _said control processing el enent preprocessing
sai d seismic data HERBRLLEBANEAGARAgtoasaidatzavelsime diskamasgsi s

processi ng el enent od_of wherein said
downl oadi ng of 15 gE%F sélé%gcgzaFgetgrggﬁﬁlgﬁép§él% FEOEESEENE el enent s
uses a | ogarithm caéwrEoRAO8HEESEeismic ddéa tREsEBENAdLQl g3%k wWherein said

processi ng of said seism c data on said analysis processing el enents
further conprinaes shersgep sfidresanpling said seisnic data. 20 43.
The net hod of claim 39, wherein said control processing el enent

nmoni ors seism ¢ data and,travel d anal ysis

processing el %entgr?ﬁeﬁﬁf?ﬁ1§§15 Se%ﬁ@180§ﬁF8a8Ph§aggl§§P&Y§é Ssmi ¢ dat a
and sai d travel Ui Mgrocossdabaclandfitd 888hYSER1Ar E8sRhRgnR) CTENS. 25

44. The nmethod of” claim 417 wherein two-way nessage passi nhg anong said
anal ysi s processi nfielésents and sai d WO 95/ 34037
40. The method of claim 39, wherein said seismic data is ‘l

downloaded from said data disk mass storage to said

10 analysis processing elements by said control procéssing
element, said control processing element preprocessing
said seismic data before downloading said data to said

analysis processing elements.

41. The method of claim 40, wherein_séid downloading of
15 said seismic data to said analysis processing elements

uses a logarithmic tree broadcast.

42. The method of 39, wherein said processing of said
seismic data on said analysis processing elements further

comprises the step of resampling said seismic data.

20 43. The method of claim 39, wherein said control
processing element monitors seismic data and traveltime
buffers in said analysis processing elements to optimize
the downloading of said seismic daﬁa and said traveltime

data to said analysis processing elements.

25 44. The methcd of claim 41, wherein two-way message

passing amoﬁg-said analysis processing elements and said



e

°,

control s a7 S used to asynchronously optim ze sei SMygrygosfidks

broadcast through said tree. 45. The nethiod of cIa|n139 erein
sai d i nput/out put processi ng el enents direc € avel time
data 5 to said analysis processing el enents. s iR d of claim
45, wherein said input/output - processi ng eI MM“&‘ “wj Fveltine
buffers in said anal ysi s procesmluﬂfgﬁnent DMl 2Eg t

downl oadi ng of said traveltine data to said analysus processing 10

el ements.  «onedbh é@é%éﬂﬂ'%%duﬁéaph@'ab§ﬁﬁn£6ﬁé&%1¥tdﬁkl sa%%ﬁhnalysis

"passi ng between said i nput/output processSing ele S an

processi ng elagminadcastedhrough saggntheenousl y optinm ze sai d downl oadi ng
of said 15 traveltime data to said analysis processing el enents. 48.
A nmet hod of processing seismc data on a conputer- syst em havi ng

-nul tipl e prag.essihy relthodnts, cdedpr BS, nghebein said eppur/output a)

assignin anal sis tasks to a’pl of sai rocessin
oot o A RrdCannig ShenRet e HIFREELY o AEREEST AR (AN R A of
said pr ogessddw%a@@%ﬁﬁlﬁ bproces&ﬁ#ﬂe?@ﬁﬂ@h@éd' ng preconput ed travel tinme

fields f spee Ss storage to traveltinme di sk mass
25 storage and, using said input/output processing WO

95/ 34037 % -

-116- 46. The mgtl ngmpsf c&g\%ﬁl 33&?8%&%1_ ravg#r?&nﬁu@u&s

theref rom t e ydiemepitac esaingreteaeal sime buffers in said
analysis processing elements to cptimize the downloading
of said traveltime data to said analysis processing

10 elements.

47. The method of claim 46, wherein two-way message
passing between said input/ocutput processing eler its and
¢ xid analysis pxgcessiné elément; is used to
asynchrenguslj optimize said downloading of said

15 traveltime data to said analysis processing elements.

48. A methed of processing seismic data on a computer
system having multiple processing elements, comprising the

steps of:

a} assigning analysis tasks to a plurality of said

20 ~ procegsing elements;

b) assigning input/output tasks to at least one of

said processing elements;

(<) d@wnlbaéing precomputed traveltime fields from
‘high speed mass storage to traveltime disk mass

25 storage and, using said input/cutput processing
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~if """ﬁ'

_ Oé?ﬁﬁ st aged domnﬁeaﬂ*hg of said seismc data from
tape ma Hge to data disk mass 5 st or adRCTHRISPE8F ef rom t o
sai d anal ysi s processi ng el enents; e) assi gni ng
to at | east one of said processing _?ﬂ7ﬁﬁﬁﬁ??TTT—TxnnTo t asks

of 1) downl oadi ng sai d seism c dat ,mu |sk mass
10 storage, 2) preprocessi nglésal d dov I er" ” mm

seismc data, and 3) downl oadi ng sai d fr epr o#tesse selsn1c
data to said anal ysi ceSS|£g el ements; and

. 0 .
processi ng said seisﬁ%?WSQPé“oﬁ°¥aﬁagaha$y§? sraveltime f%ﬁ%@%55|ng
el enents using said theteltbbiBto said analys1§'é%§? 551nqnﬁ#g e Jrethod of
a ip

processi ng seismc data on a conputer syste V|ng € ﬁroce33|ng
el ement s, conpr|3|ng t he steps of: 20 -‘assi gni ng anal ysi s
tasks to a pIurélltye@919XFag staged downlogdum@' -" ”hdem&uﬁmxc

b) assigning i nput/ put Eask o_at |l east onke sai d
processi ng el enents; AP ! -c? T3%RRI 85T P o ?x%ﬁﬁﬁHQﬁfHIW%ﬁﬁtl _
fields §rom 25 storaghi ghdspRede Fech §6cgéiﬁféﬂﬁ%¥éﬂgﬂtlﬂe disk mass
storage and, using said input/output processing 95/ 34037

el enent s, domnloadln@r§§ﬁésﬂﬂﬁvéﬂ§mﬁ§t$relds therefromto sald
anal ysi s processing el enents; - d) enploying staged downl oadi ng of

said seismc o ass;Lgmﬂgt anaﬁ?”iéé‘&@ SR A AR S e

storage and therefromto~sali
e) assigning to at keamtnesethé eanﬂr6106£§k%fﬁf 1) downloadir®! ements the

control tasks of 1) downl oadi ng said seismc data fromsaid
dat a di sk mass said seismic data from sa:Ld ‘data disk mass ‘

10 storage,'2) preprocessing sa;d downloaded
seismic'data, and 3) downloading said
_preprqcessed seismic data to said analysis

processing elements; and

£f) processi#@-8%id seismic data Sfi-said analysis e

15 processing elements using said traveltime

fields.

49, A method of processing seismic data on a conmputer
system having multiple processing elements, comprising the

steps of:

20 a)’ assigning analysis tasks to a plurality of said

processing elements;

b) assigning input/output tasks to at least one of

said processing elements;

¢)  downloading precomputed traveltime fields from
25 high speed mass storage to traveltime disk mass
storage and, using said inpﬁt/dUtﬁUt processing
-
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10 WO 9§3408ge, 2) preprocessing said downl oaded PCT/USIS/ESSS

seismc data, and 3) downl oading said ¢ " preprocessed seismc
data to said analysis : proceSS|ng eIeWEH%s—Hs+ng—a—LogaLLLhnlc
tree broadcast, wherein two-way nessag nas ong 15 .

sai d anal ysi s processing elenents and said j‘ f“u gﬁt55|ng
elenment is used to - asynchr ohdiésly opti "adddst ; and
f) processing said seismc.data on said analysis processi ng

el enents using said tra@kénémes 2(ownloading Eadkdd¢raveltime fields

therefrom to said analysis processing elements;

a) employing staged downloading of said seismic
data from tape mass storage to data disk mass
5 storage and therefrom to said analysis

processing elements;

el assigning to at least one of said processing
elements the control tasks of 1) d@wnloadihg
sald seismic data from said data disk mass
10 storage, 2} preproccessing said-downloadeﬁ
gseismic data, and 3) downloading said
preprocessed selsmic data to said analysis
processing elements using a 10gérithmic tree
broadcast, wherein two-way message passing among
] said analyéis processing elemente and said
' contyrol pzocessiﬁg element is used to

asynchronously optimize said broadcast; and

£} processing said seismic data on said analysis
processing elements using said traveltime
20 £ields. .
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