WD 2011/ 146161PCT/ US2011/ 028350 METHOD AND SYSTEM FOR CHECKPO NTI NG DURI NG
S| MULATI ONS CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001] Thi s application
cl ai ms t wohenefsbte1of U. S. Provi si onal Patent Applicati @enTASedN8285298,
filed May 19, 2010, entitled METHOD AND SYSTEM FOR CHECKPO NTI NG DURI NG

SI MULATIONS, the entirety of which is incorporated by reference herein.

FI ELD OF THE | NVENTI ON [ 0002] The invention relates generally to the field
of geophysical prospecting, and 10 nore particularly to seismc data
processi ng. Specifically, theMWﬂPi@ﬂDrSé(SéftEé@F@‘a met hod and system for
storing checkpoints to i&aHEA NI ING DERANEASIMULARHONSr  si nul at i ons t hat

access sinul ation dat gRdsS ﬁEq:rEpaEmcgq-cpﬁ“mTEwghpgﬁ;Aﬁdn gration of

sei sm c data. BACKGROUND OF THE T NVENTI 0003 Thi s section is intended to
i ntroduce y@joipus asﬁﬁ§%ﬁﬂ&5mﬁh9aﬁk the WRhaH JTRY SP@rdRiAas eatk Al &G
exenpl ary enbodi nents of present techniques. This discussion is
bel i evell t 61/346P%% Hﬂﬂbré@Wdlﬁg 20 panewtidle tNETHED | pdte &YBéEMer FOR

under st andifpg: ReS o [ qu ingly,
it should be un erstoo§Ubﬁat tﬁ?gﬁgegﬁion § oﬁﬁggﬁeksgggighﬁgﬁpégﬁlg t, and

not necessagfeleycedsreadni ssi ons of prior art. [0004] Many par anet er
estimation, inversion and imagi ng nethods conpute a 20 forward sinul ation
appl yi ng a sequence of steps SNELBDQFFHEENYENIMON in tinme froman initia
state. The associated inverse or inmaging nethod applies an adjoint operator
st eppi ng bd@0dhr ds i Fhetinnentipn getptes ensedllyttp ke §eldtod getesindtinoestmg, tiiden
generayg | - Ve CRLT n

N R N R

i nformati omn@emmatfcecttmmg chbdkpoib®s tuseprovo theanﬁom@ytdfecompmat atnublnlo%that
paranmeters used.t he avai l.abl e, dat as_ wel .0t h pur poses. As

accteF_ls 51m191]at10nd a 11 reverse time order C?u(f as 111 mi rattlon 0(% se1smi ata
an exarrpl e ormatl on nmay be use 0 gen gra ieént or a Hessian

rel ating changes in an Ob]%%&h&ﬁgp%ﬁﬁsp%nrﬁ]Iﬁhnn 59 b#n the sinul ation

parameters. In another exa rormrray e used to create an

' nmage as di&@ I’n REVﬁL? ec‘;lr&pgl e? t(MngroglE arléus ect 09919e5 Tr\!v%%c% 1}13 ni ques

require th orward-i1n-tine sinu ion 10 e accessed I n 30 revers

order flbr mhemmmés&ﬂcexmmﬂay|@MMﬂmmmu¢afﬂmnmexhbW&hmqu%théh3|®smeﬁmth£

i nformation nee to save .t.he forwar i on for | tinme._.st of ten

excocds. t nECRET Fabie: RSP gnE e PRyRok ) SRk e tsatoitr 55550y

[ 0006] For axmomlof theppﬁs@t acknifgser Seodingty, de piiduldvbg addrasod( fRdtMhisi @cté@nmonl y
ubsur f ace eart structures en, d0| hydrocarbon

used to |
expl orati on ‘Wilcflhe 15 i0phig lighy ap nﬁ[ﬂ?qcf"@arﬁﬁ'm %“9“@8 rartwavefl el d recorded

in a seism perinent is agat ed backwards in ti

12 e STGgERer R, e BLapagaket Dackuerds L R LLEE Anfly o o
wavef i @bd. fdMardeamstidndblyiten feqiiohad Of dtdps ki@ oRahE frwstl fliat fom dusitiabe
accessed in reversed time order. The straig htformardggiproach woul d. be to

conput e and@Eavé NG Iassoeiafrd WVeEds ohAMpHRe MuRdy PP BAPHEY FSTAIY SRS i el d

at all substiihasR ih A6RHRNS final Rinf AN DR hEREEGLY heh gthétutd Rdrhetidigeudat a
vol unes involved. As an exanple, for a standard test project, the Society

of Expl or atheowstem&yIciass eqrisfaging ﬁe@rwmi/%\%eaowa%meﬁgloeeemwat@e alfhe R |

this coul dtl%aﬁe&ee@h@%nMQt% %éﬂé’%t&t 8RS @Bin A0 Réa 9 GAPYIVE SURSHIEAGE
volunme for a total of about et abytes of data. Not only is the anount

of st oPage Priagaicrsedchiv bt éwm\fra&ablebéqta t%e‘”@b@é@ﬁle’f PHEEsP e\l Peeramplaydiee t hat
amount  of %ﬁ%ﬁna‘ﬁ@b{ n@tgf e upe% B, Ql%lraﬁé@tgfaglent or a Hessian relating changes in an objective

function to changes in the simulation parameters. In another example, the information may

be used to create an image as done in Reverse Time Depth Migration (RTM).

[0005] These techniques require the forward-in-time simulation to be accessed in
30 reverse time order for the cross-correlation computations. However, the size of the
information needed to save the forward simulation for all time steps often exceeds the

available memory storage.



[ 0007] To decrease the storage needed, a forward sinulation wavefield state,
termed herein a full state checkpoint, may be defined as including all the
i nf or mat iwo 2neededit o eit her 15 perform a cross-correl aPcorsesiiesssest art a
forward sinulation froma given tine step. Full state checkpoints can then
be saved at a smaller nunber of carefully chosen tine steps so that the
forward simulation can be restarted fromthe saved checkpoints and

propagated to desired tinme steps. (The termcheck&gl nt may al so be used to
refer to tH08F or endrirricarierlccarestaok RyvattoSiae dapteMdigratipn (%@/Dc@rﬁpwb’d with

data saved gy § li'ﬁlti'get éu%rﬁhe BSth)strhitRs Wﬂl@ﬁa d&ﬁ%ﬂ%rgca%nséx%b‘;ﬁtoh QAthS
reconputed at tinme steps in reverse time ordér” as needed starting romt e
saved checkpei Awing RidMcthe céeprnwavedinldripedréedrie sed mio Fxpedwertie okqpogatids
whenever g, u{k%vapc@ 1h9{h9ee£ndh§r‘8§éec%rrel}léﬂ HHPHE Mara $h-RGE SRLTA JFRhE sougge
conmputation to mnimze t put a storage requirenments I's

t echni gbe myefttéi.us'l“élbuheamehmwbe fomrdialttantssmse pimunddtive dnast dbenagcérsddamger
than t he nmenuor tara [0008 n and Walther p osed an
"optimal " W\ ers%(d AR SRS rm?htf%war% aBEroa‘% L(g% ¢ REERPo it & eg"j‘uﬁggn t hat
a specifi edteasrmﬂmte foﬁwardapmp@gatea sawa¢e habtfeld a allhsm:)hurfaae maortshermwanktpml nt ed
forward sinul ation wavefield st ate , e.0g.,, Giewank, A, "Achjeving

| ogar  hnt STRABIEEN OBE s Wiis Ko G i o %1 PPl fb el i o
di fferenti atdjan, the 1Sdopty wif ZRxpl @atioNE Gbassicing (SBEGY wWadvandd- Bidd1ih@ 9BFAM)

Gi ewaq*fI A, 30 EvaI atin Deriélgé ves: Pri nmgl es and Techni ques of

Al gor i t'Hmi ETERfR BT BEFbfFePiagd @H%?tewsrﬂf&g@ EHRPHRID, %CF@ U #iémat i cs
(Phi | adel pmta,of%u@@@%}tabﬁsl @ik NoPonIAdhPamdl bh@brage B @RUIpkdHRNEE; AN

i npl enentation of checkpointing for the reverse or adjoint node of

conput at i oRal thejpqerss tige reaw%to moyg theEnay A5 EE BISQF vaRIFaiet i cal
Software 19-45 WO 2011/ 146161PCT/ US2011/ 028350 (2000). [0009]In the SEAM
exanpl e, i 108 be abutirEdse hasioraemecdafer fopvad oy lapen sraxpleld pateniermesk war d
si nul at i onpedgil W7 ST ABGR PO, FRTBE Meﬁn‘éd §@Y1@1u&iﬁ%%al$ B rANE hbQkd (3didbe

buf fer checkpoints at any one tine, forward sinulation can be accessed
i n revdPse PeeEY 2 gYpyIgprrekition or Mmsﬁﬁarav@nwr%ﬁwlaé@néwnt p g es tigsstepusiully t he
G i evank chggl Eﬂ@ék’ﬁ&h@%aﬁ%ﬁ%sw@@% sn@allfalarﬁﬁiﬁ;er O cafc@il XseﬂQiQnes §E(9{h§tge
space is saved at an expense of doing 2.87 tines as h conput gtl on for

t he forwar dhesforwardsimyhatiofFesn henestwmflappﬂhﬁ savedl olreckpaante arﬁm@marggted Fondssisedeps
for the fo r i oi ng
t he mput/gﬁgﬁgetp? ng Sﬁ%ﬂgg eg)gpgg?ées Kﬂg)odeg%s gdrfe\0 o%m%rg POE?I{ITU lgﬁdoéar%ﬂ}?'g

st eps, evewrhgsen gimfef SthSEﬂH cahtsied p/atbeiatassavid) aawhltaiml gtepso  Stthos.ethalférwefd t he
f orwar d,si mJI h k a

conpu tg |0 rs]1m %8%6?%9%&3%@%% aetg niss%eé) evgrsef i mglorc%hgs ee%eglnsttarﬁﬁ from the

ef fective |sanqal:1 ehwipaihts ofﬁhes«‘:lreak@gy nfentory ﬂ\t&l’SS(ﬂEfd'r |nem ch@ogpuahus @sﬂwnﬁyﬂﬁ& noW W,

2007, Reverse ti tio ti mal check y S| ¢s (No

Sy b, Snp i enpsedr e Rtk b e s B Ry b R ab Syt

I nportant faod stb¥hid tehaitenions| dUBscdhhigu@hys besscail whalveeén tet datatik@nualiedard €. g

i magi ng usi n gﬁ)oth P- ves and S—vvaves%‘ﬁ as the time reversal strategy of
P

f orwar d SI AR faress haait dﬂ%%ﬁoagaamé ointing is always stable. In

co ar| alterpativ | ementation.strate of savi.ng boundar
o ae g 19 7 1ot R b Wl B e o R e Sy T bt Fap SEy §on

of the SOUf’sE(ﬁlldNBé/eﬁch;L(dntsd Ak a8 spdificiadmbat unskablyeis avbilabhein, witifteto
instability in this technj ?ue makes it an inappropriate applicati

strategy wABH 3t eRERASH VP PTIEEORSV AP E dotialthe YRy §i%csOTRYE nﬁe%rward

si mul at i on«<ALQO%Ad Tharimhee lgmntdmgmﬁamham mﬁalda;nme;a na TePMEY a@bm@Mc a
forward sinul ati on has nuch nore gener al lication t just for RTM

Appl i cat i odgfeagndiaton’t d GPHEYZRIoH Y cthods a%% e 3§\n5f‘h(1§ﬂ%) tPrgvaskedpi ng

forwar dpsi @alﬁatﬁ{ De}hgt%s 'P?ﬁllci'lﬂg:@ aﬁ@?&'ﬁiﬁﬂhés %néb'rﬁﬁrﬁ’& ?leférEMiaQOﬁ lS%We hgat
transfer, geol ogi c basi n nod as seismc fu wavef | eIy

i nversi on ([Ripptyial @éeAppée@MathPalﬂ'@H@t(BhléldelAhla RAZHO0) ﬁiwewgril@ﬁ afd 4eWaghha,
reflection e p Sl.C

Tarantol a, A LR{ED 2y A R AR b e 1 B P AR iR e
Par anet er Esmpytetidnein differenesticer” 205AANM3 Trangestigisgorf M@TymatichleSsftware AR E. |
"A review of the adjoint-state method for conputing the gradient of a
functional w th geophysical applicationg," 167 CGeophysical Journal

I nternational 495-503 (2006). Krebs, J. R, J. E. Anderson, D. Hi nkley, R
Neel amani, S. Lee, A Baunstein, M D. Lacasse, "Fast Full-Wvefield

Sei smi c I nversion Using Encoded Sources," 74 Geophysics P. WC177-



WO 2011/ 146161PCT/ US2011/ 028350 WCC188 (2009). The techni ques may al so
apply to nethods of automatic differentiation. See, e.g., Giewank, A,
Juedes, DNO2andi4&6ilni vasan, "ADOL-C, a package for the &ararsatlilm28350
differentiation of algorithnms witten in C C++," Preprint MCS-180-1190,
Mat hemati cs and Conputer Science Division, Argonne National Laboratory,
Argonne, Illinois (1990); 5Giewank, A, Evaluating Derivatives: Principles
and Technlgues of Algorithmc D'fferentlatlon Soci ety for Industrial and
Appl i ed Mat¥H¥futics (Phil adel phia, PA, 2000). SUMVARY OF THE | NVENTI ON
[ 0012] An exenglary enbodi nrent of the present techni ques provides a nethod
for | oweri P08l conpundhs OFAM eampleoft maydsmpiwmee tagt tierape dA.006 Hee fisph Bd
i ncl udes peyf t%%r&'gmﬁtlajngnc@%ﬁé@%&%'o?%eﬁtoha{o%ye 1SR RE B D18 Ree RBENT | NG
strategy includes storing a correlation checkpoint (sonetinmes called a
‘correl at i gheckpdifteat atyepnsi tie, ghe fgrvardeingtation oahbe a¢ogssehen egPEePHe] wng
checkpognt o] d e
goner ot 8d. 1yt Be vpead (R e ferfORARL AL B L WL Bl B AR S on
cannot be rfestraxredhfy 4} inhoragelspes istorddt ametpvescodrdogigad. $ bhmeheckpdi nt .
e oheck gl Al Ayl Ak S SR 5 R TP 2 PR RS oRRe, o
a pluralit yorahe forwmd%mtﬂsuonﬁﬁroreahdfckpchnts leen pftemrbml fattyr thén tioing thetieps/oatput
backwar ds pro ted val ue from nmeasur J.S corr the forward
ot opagat ed TURITHLE TS tHo B gULaE SIHATAL R i & Po R Bl OShGRER val ue
is stoned mmnhhetc@mﬁeﬂhtﬂmaﬁﬁhamkmmuMﬁmlﬁ@é@@@Smthecﬂebhqﬁmwamkahs&m
i ncl ude storlqg a full state checkpoint, and restarting the sinulation from
the full sCYPR™¥H8ckpoint. Further, the nethod may include determining an

optimum | o n for_ storin g t he optinmum | atlon IS
st or age spi@g'gllocébgﬁslﬁm h%t ﬁ?g’ r8@ ?ﬁﬂw m‘@PUfSnéWDréicﬁW?andom

access nemyhylembiton @raR@M fdi $dersa tihhes hngiaﬂldﬁe ssamesany wonbonatdvens tiniter eof
The determ nati.on of the optinum 25 lgcation js at least in ﬁ@;t, on

the access "upaEen dfithy pRi cﬁhafdeoeﬁ%en Hrerhypigt élde éba%%l\%%éwat t

COFFe'aBIOQh&kﬁﬁMﬂ%% &h&ﬁﬁm?%e&ﬁﬁﬁukﬂiﬂnﬁn@hpR@@§m§MQQ%KM§@QﬂkqmyﬁcJ&ﬂ|
stat e checkpoi nt tim zing the checkpointing strategy may incl ude

det er m ni ngr2clickhpitfpaigndest Mg rdrebPthPt Vst aid Pryabehe Bdhs BmatsysHal
checkpoi nt g %@%F@drﬂ‘gslﬁﬁﬁﬁoﬂTEle?ew%éﬁ'em RAkpAsER, i@lh5aSkaid) PAFL, on
an access speed for each of a plurality of storage units 30 and the ratio
in a storagemppies ametf@imﬂte@ FoY impkenentadenattiategh o€ kysigrioupdravalusraadéhos pace
required f%alt\k?a?veﬁga ﬁ b QPin g@é‘\fél‘s%h{%textr% fahert % £ OGLHERR diifladdd™®
steps and a type o eckpoint to be stor d)at eac t he tlne steps may
be gen@ﬂatedlbevmm@bmllfﬂﬁmﬁiﬂ@ﬂh@@?@ﬁ&ﬁmzssgﬁﬂmﬂwedﬂﬂ@ﬁatwoanME@kpeints
that can b d e and i er
of cor ol atPasifieslsd b % pEpRhaR s dRbbdsadpaP TP g BaRe B b AT
any correlammmnmnheckp0|nts can be stored in fast storage, conpute an

opti mal nunber of sweeps if only using fast storage and add to a list. A
nininuntnumﬁﬂﬂ]ofTbmehg&pﬁhﬁmmhwﬂméH@@mﬁm§ﬁmsUmmagboﬁammbeniﬁmubﬁpuhed and
added to the |ist. orrelation e n be stored

Storage a st e hedr el EaBy! AR TR0 PPyt ddh dabiiide
conput 24 araskoadtéedwﬂmartyhmnd: stslbpmgﬂufbr@mtdl mhlmunﬁémwﬁds&ee:p&vmt sinsilargrsal | of
t he fast stor %t east(fﬁe correl ati.on ?QﬁcKrglp in.slow
st orage cam %% &g %{né %&ﬂ‘e SmPeEpe o Wed 88 SR TThuaCHE IS on
the list. AAWINtRGLE gV alat@tongay £8484f thvedii ofakidMicofflbdin | datit inabd adRstadded
to the list. 10 The c val ue on the |jst can be conputed and a
mi ni mum codPPTEEMABYN A §t<§ﬁ08§¥fwsai§é9_tt?4ﬁagawatoﬁfod\ n@yerﬁﬁhﬁtota@e Guner M5ty an

i mage of af&ttbawFﬂ‘naﬁgenawa@md‘rtmrﬁhﬁmuﬁl dabder ﬂétsmr.retﬂozigr(rmmlmsmncl ude
hlstorﬁpnatchln reservoir data to a reservoir sinmulatjon. [0016] Anat her

exenpl ErbodPrisriew s e itz taiephad qurcoea%t%rthﬁgraéem %&tfémwt@ Wt a to
S|nulated %@hﬁym&h%mﬁﬁEﬁ%g”H@¢k%&ﬁ@mQQQKwQMQ§wHﬁH&@Ea§$8l3Kﬂﬁ6FQK%§$Ued
data across rid running a conputer sinulation to generate forward
propagatededt é@ﬁ@%@»@hémﬁdeR Neglgintysr S.dfcec 8r Baumatt¢inrMpDf LeqassecFosbhe
stored duri N6 & be
restarted f?gﬁ?gﬁgggf cor%eﬁgﬁy%ﬁ&%g%f%%gg&pﬁgnggta§i$%%@§k?ﬁIfﬂ 77
correlation buffers may be conpared to _she backwards propagated data at
each point in the 20grid.



[0017] The met hod may include storing a full state checkpoint (also called a
"full state buffer” herein) during the sinulation, wherein the sinulation
can be respDantiedefonom the full state checkpoint. The nerhodSpey/ 028350

i nclude calculating a cost for storing a full state checkpoint, and
determining a tinme step for storing a full state checkpoint based, at |east
in 25 part, on the cost. The forward propagated data may be correlated to
backvvards-proga ated data in a next tine step. [0018¥The met hod may i ncl ude
storing a pPYUrhEs €009f dertedmgupomay ke kpRly e sncthodsy of awtpmaticodisfgentigivnum and
storing at sheast, @GARrA ChREOD, CRESKRRLAL +AnBLL. AhuSQE A0SIRHD UM

Further, the méthod nay include storing at 1east one full state checkpoint,
wher ei n t hdifBotiptiinaef] dgortlins weittere gt @ited” PrepmttMeS{18011 1Y}, dashatatiek psi nt .
The net hod i : i ng t I : bdHh. 1N a
fast st or ago HE ar [ bOTa] Anoc ey Bxanm ar Bttt b? FIERHELE:

t echni gbes Guicovildes\.a Sypbutng WON20S 1ROLEIRCEIUSTOdDIPR838D Algerithmic
oA N AL e LR Tl RaRlh SRS M S PRI R ot

1017,
processor an orage system erei storage s minc

structures that represent ng%gT%ﬁ;ﬁf@ati on algorithm
configured to propagate the Tea intime across a grid.
The storag tema i ' rsi j .0 5
goner at e £ OV a1 ot Sl o ar e pr Sk highR ORI LMk e 2, e
i ncl udes a loveming p,competagiml tdseofneomputdr smhwdes. dodeethod dialelet perfrempigecessor
to propagat he nmeasured data backwards-j.n-ti across the grid opul at e
e ar 0w b opUlae Sty Mt RS At G RIS el 'CrralBR | o
store a corchekpdintoGombadspailioll aatcoarclatione baffap tyin)ng 4 KieeCcady uttekein the

si mul ati on, ar]d.co r«?(l ate the ba kmarqd(séiprolgagd%t ed d?_ata to the sinulated
10dat a st o8& HIPHHERRGPT O P SrialrBek PSP HER OB THEPIHAE §8Wp RO

i nﬁ{) ude a fb&ﬁ@h@nﬁiﬁge@,sgﬂﬂmd)hl iuf@ﬂ ﬁh&@ﬁ@l?]e @Egmeepbinﬁﬁaﬁogrc@ﬁﬁ%é ggtaute& Er,orrpr any
conbi nati ons thereof The correl ati on checkpqint may. he stored in. the
menmory.  Th&mthse ¥ iare 1 e IcaBe!2 8O eifaBi B cSChRERBIYNg rAlyeY dSRAMUEFSKk, a
graphi a5 PLASAESE NY stdfigh JPREDIN tHRN coatoR NEHeBiddoiRNand hended tlheompiery may
i ncl ude 15code configured to store a full state checkpoint at a tine step,
wher ei n_t h&MBBH90L% G Ar RUTYHY CArdinKesteRsst Af £368 FfrBenPturity of fimstsigns 2
checkpoi nt 4, lQAAL] ADREE vaXE MRInf ¥ SRROGIIBN L orRilatd DR BEEBRNEd hEpAgQues
provides a nethod for mgrating seismc data to generate seism c i nages.
The met hod Vplﬁg|fm§hcprcg}@ggtg_1t 'ﬁi,i@lation. The forward propagated value is stored in the

correlation checkpoint.

20 [0013] The method may also include storing a full state checkpoint, and restarting the
simulation from the full state checkpoint. Further, the method may include determining an
optimum location for storing a checkpoint, wherein the optimum location is storage space
allocated in a graphics processor unit (GPU) memory, a random access memory (RAM), a
RAM disk, a disk drive, or any combinations thereof. The determination of the optimum

25 location is based, at least in part, on the access speed of the storage space. The storage space
used for the correlation checkpoint may be less than a storage space used for a full state
checkpoint. Optimizing the checkpointing strategy may include determining a computing
cost associated with storing the correlation checkpoint. The computing cost may be
minimized based, at least in part, on an access speed for each of a plurality of storage units

30  and the ratio in a storage space required for a full state checkpoint to a storage space required
for the correlation checkpoint. A table that includes the time steps and a type of checkpoint

to be stored at each of the time steps may be generated.

[0014] Determining the computing cost may include computing a maximum number
-4 -



measured seism c data backwards in tine across a seismc grid, propagating
simul ated 20 excitation pulses forwards in tinme across the seismc grid,
and st oriwg2ati/l4e®3t one correl ati on checkpoi nt, wherei RCThES2@002885@t i on
checkpoi nt conprises only sinulated excitation pul ses used for a
cross-correlation of interest. The intensity of the neasured seism c data
is cross-correlated with the sinulated excitation pul ses at each point in
the seismc grid using the data fromthe correlation checkpoint.

25[ 0022] Thef erstofrsian ghagkp et thabcasbe siory iae fasbdereOHEL figl QoMputnEa BREERBOI Nt

at a tine {i8Ber o\f/@%éﬂtﬂ)ntcﬂ&kﬁ&nﬂs Qhe Ean%%tJréH ih aSIRL ﬁorggbelﬁﬁtp 9f :ﬂlty C_Qi_ﬁgigﬂ’i(inses

all data needed to restart the propagation fromthe tinme step. '

pr opagat i ogheskpainte cayi bastaedi fast sforage. comppiglas eptihd mymbersofisweenss mieondsaysitse

per f or med i I . , i i

si mul at ed g?(s'(t:latgr gg? %{r‘? Jgg}téé\%gé/{?%r%%gn?ﬂMtg%rr?ggwn%e}pge&%@rR?%ﬁan%g{aﬁ%? I’CI% ased
on Kir chhoftcbmpBad Belzddat to diredisvaly anmypscercktjuathcokpomitgcamtbicstoredac hiowvopiasge a

BRI EF DESCRI.PTI ON OF THE DRAWNGS [ 0023] The, advant ages_of .th sent
e
2011/ 14616 LiIRCTAUSROMA/ 2B35 0f tvepd ol sl atigofcted &isl @orage it stpriirigoat leasdoiiche

attached drawi.ngs, .in whjch: [0Q024]Fiqg. 1 is dj a f.aregio f

Tt erost , FrraiehrotgtRl G iyt doged it cBrople b A T heaflgt R P fvent

i F accor darai@e vh tie lanhexempgeawluefr&m@i fmenal | th 0flué h@t}ﬁLl'SSﬁmtbetaﬁdd?tI’Iﬂoq?l@BS't.

5[ 0025]Fig,. 2 is.a schepatic diagramillustrating.the operation of reverse
tinme m‘l1 r atng oS F?Tr%c?l waﬁgaegﬁﬂaa%@e\xp@ﬂuta# Ay © eHcgf t he
present te i_ques; [.0026]Fig. 3A.is a process.flow di agram show ng a
ethod. f or HSFor m neearrbvb s el SrBRSREas e o/oh S RER SR RO 1
accor dance s¥ikhit @B eKRMpbacY nRhediit@ide BtotyhRatplies eRbrvbe Gl te WeBservoir

10[ 0027] Fig. 3B is a process flow diagram show ng a forward propagati on of

a wavefi el dMWHI%8 reverse time cross-correlation, in accordance with an
exenpl ary enbodi nent of the present techniques; [0028]Fig. 4 |s a _diagram
useful in i19918K¢ r at i HePRE S FPPRRARROIIGE RIOVElSHP Dé?%ﬂior comparipg; golfected | |

stat e qbeclkp@itdiimdtatddidaR. TRE%tHEd itdid@EBRkHRIE BroPhdalin€e BPIRIY dehedisrent s
of 15the present techniques; [0029%@ gs. H5A-B are diagrans useful in

i |1 ustrati fdgridad fynpieg dcemputgt siplpien P generale frwarg propagdted detd asrrst He@kipoi nt s

may be st onegymidd (REGANARN GRS cn B8X SIRIIATYinE MROADNFRRE Sinffiatloh SwRi&R GIRE

techni ques; [0030]Figs. 6A-C are diagrans useful in illustrating the

oper ati on &fMul4iienGapeaidiekrestarted from any of correlation buffers. The data stored in the
correlation buffers may be compared to the backwards propagated data at each point in the

20  grid.

[0017] The method may include storing a full state checkpoint (also called a “full
state buffer” herein) during the simulation, wherein the simulation can be restarted from the
full state checkpoint. The method may also include calculating a cost for storing a full state
checkpoint, and determining a time step for storing a full state checkpoint based, at least in
25  part, on the cost. The forward propagated data may be correlated to backwards-propagated

data in a next time step.

[0018] The method may include storing a plurality of correlation checkpoints in a fast
storage medium and storing at least one correlation checkpoint in a slow storage medium.
Further, the method may include storing at least one full state checkpoint, wherein the
30  simulation can be restarted from the full state checkpoint. The method may include storing

the at least one full state checkpoint in a fast storage medium.

[0019] Another exemplary embodiment of the present techniques provides a system

-5-



20and optimal checkpointing schenes for a sinplified sinulation having 55
time steps, in accordance with exenplary enbodi nents of the present

t echni quesQ 2p00B4f6Fi gs. 7A-C are diagrans that conpare ehealspailoesing f or
standard correl ations versus checkpointing when a past state in adjoint
conput ation influences cross-correlation with a current state in forward
conputation, in accordance with exenplary enbodi nents of 25the present

techni ques; [0032] Figs. 8A-E are diagranms useful in illustrating a nunber
of situati derscanislajipg cimuled dapntcobiciodadita. adde SYBun redhiley a Brogeurdredd anhi | e
the storaggsRAcHk &S tRYstGAENyIREnQhact REGKRBHIEs it ApRUIR L QrRe the

same, in accordance w th exenplary enbodi nents of the present techniques;
30[ 0033] Fi gsta sAaprepagatefinggdgeaiem worefigyred to frppagste ke mpgyured gisbeckwirds in

situations . i -eﬂ%q 0 Shic & wi;@%p ] ri rein
the stor agélh{s%pég@ggrg gg]lgi re wgégeagyﬁ%gz%sf%ﬁ %H@éfgal / L%%Bﬁ@?%%%ﬁggur&q%
correl abi ogehae Kpoiantinitgnd woudatal datd wbloss that @idchdbk ppiterh figher indedesian
accordance wi [0, exgnpl afy Sapodi enis Q%ett%edi%c?%ﬁe“t -GS AN AYER n A OARA] FI 0.
10 is a proces?’f ow di agram of a method for mpl enent | ng a SIH¥at i on

whi ch uses neesurel dita dbackshedkipoinrt &rosk nhagddrghaniae the tonidexaimbramyd-in-time

enbodi nent s. of t Spresent techni.ques; [0035]Fig...11.is a.process flow

G oor am of S St PR ERsater R S o i 8 e i o esRoRid SER SRRt s,

i n accor damgénght BoreyedRinaulytioa drddiofrelate Shebackka dppropaated e nihe si@tilated

[ 0036] ggg 12 is a g}rgocess.fl w . di .agram of a nmethod for conputing a m ni num
nd -

cost 1 dafastored 1 die £OFelAfigeekPBRE _ correl ating n states, in accordance

wi th exenpl enbodj nents of the present techniques; [0037]Fig. 13.is a

v ocess 1T GBI a0r sl nBURG O « BBTE Acogarra t IO i AP EDat o
associ at ed pwckRing vnmheekagi ddnbinken taéredhertepbiroliokclcaigRint iy Hekt@ed @r dance
w th exenplary enbodinents of the present techniques; 15 003%5{\48., 14 is a
process fl & BFELYamISrmemepsipydnlgge %&%ﬂ%iaﬁ@eswwrﬁ%%& Bl el

checkpoi nt ighght hRjc@Ie il HHdre! GtdnpGoMbBb@R Shdth T g8y hastindBaor y
state buffers and ns_used slow nmenory state buffers in the situation that
the stdprti sedecrudiepsine §tere|y fdl sfteToheaknois e timenstes culeain dhe wpmputer

exenpl ary efhpdionRiM 6 RftarlkddgrdH &3¢t sdiechRigas: [0039]Fig. 15 is a graph
showi ng the relation between the m ninmum cost and

[0021] Another exemplary embodiment of the present techniques provides a method
for migrating seismic data to generate seismic images. The method includes propagating
measured seismic data backwards in time across a seismic grid, propagating simulated
20  excitation pulses forwards in time across the seismic grid, and storing at least one correlation
checkpoint, wherein the correlation checkpoint comprises only simulated excitation pulses
used for a cross-correlation of interest. The intensity of the measured seismic data is cross-
correlated with the simulated excitation pulses at each point in the seismic grid using the data

from the correlation checkpoint.

25 [0022] The method may include storing at least one full state checkpoint at a time
step, wherein the at least one full state checkpoint comprises all data needed to restart the
propagation from the time step. The propagation of the simulated excitation pulses forwards
in time may be performed using a full two-way, wave equation. The propagation of the
simulated excitation pulses forwards in time may be performed using based on Kirchhoff,

30  Beam or one-way wave equation migration techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The advantages of the present techniques are better understood by referring to
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20 location of the first full state checkpoint (k) for the

cross-correl ation of 266 steps using four buffers when S/ C=12, and
Rs=W=Rcaw0=2011/1i4m6accor dance wi th exenpl ary enbodi nment s pofi/ush@ 1/pesssent
techni ques; [0040]Fig. 16 is a graph show ng the relation between the

m ni nrum cost and | ocation of the first full state checkpoint for the
cross-correl ation of 266 steps using four 25 buffers when S/ C=12, Rs=W=12,
and Rc=W=1, in accordance wi th exenplary enbodi nents of the present

t echni ques thqfolberipgiefaileddescsiptionand ibe ataehaiddlipveings. Werfidy mance i nprovenent of
t he opti nal checkpoi nting strat etgy with both fast and sl ow storage, over
opti mal ché®®dbi nti nfgg-sﬂ rigtee §peaim BT @niegiop aaft inkyest. affstraging) 2ovibglc GeisBgank
checkpoi nt i.g $ich Al YNand EhvAGHAEHMCEYdhibe 30iEXE TREAINry ETRAMIAEN LS 1f the
present techniques [0042]Fig. 18 is a block diagramof an exenplary cluster
conput i ng $yesendiachigaes; WO 2011/ 146161PCT/ US2011/ 028350 t hat may be used to
i npl ement the present techniques, in accordance wth exenplary enbodi nents
of the pred®B]techrfiiguésis DEMHRMED IBESORIIHustrafneOth e EXRPIE EHiVBEDSVENKS

[0043]1n t?ﬁgr%@%rlﬁ@‘?%\@gin%%&ﬁhin%gwﬁﬁﬁﬁ 'é)i@%pilé}?e E&J‘IIIIIIQIE f ﬁ{é%re%&ﬁ%cﬁﬁiﬁues;

enbodi nment _ present techniques "‘are descr éod connection with
exanpl e eﬁiﬂ%ﬂﬁm S }é%rpr?rt%:gs dﬁmdﬁéﬁaﬁ%o&ﬁl ta thitfiod R E&‘Mr theOBRGLLPL T ON
is specific to a partfFcul ar 'enbodi ment “or a particular use of the present
t echni ques fintehirgssicgrrélaticn desdi as R, orccadenp vathyanperepokies cobddymen df ghenpl y
provi des a I.ption. of the exenplary enbodi nents. Accordingly, the

pr esent teé’ﬁeﬁ‘?ngﬁéé’gﬁlg‘%g’ not limted to the specific enbodi nents descri bed
bel ow, (gut er, h,&echni I, NG . al i -

modi f i égti 5‘?\@?Pand Z}a{g’i \3/%| %%@gg@ﬁ%f}%@%ﬁﬁ%@gt% ggera’?pdu Piopagation ke of
t he appendedvelicdd frs 2 r{ @04 4imatcrosheonelbgmt in @woatdénoe wethe cadmplaf embndieent
certain terogﬁleused in t.his application and their nmeanings as used in this

i
context are setpref%nrttteﬁhm 5 the extent a termused herein is not defined

bel ow, it sfipyld be gi .Vfri‘s 5 6 RO RARE by SRl @8 nl%ﬁ{n?u%{‘%oﬂq ”ut%tﬂ)ﬁalpé’ﬁ&n' nent
art have 15 @i ven that fer i as refracted R gt Pederohe printe

publ i cat i omsiog aifsls sted chatkpoitit atFumet inédex, £, tilh eccprdesentitt echplagu esba@limemodf
Iim'teﬂrgby t he usgg of the terns shown below, as all equival ents,
synonyng, A GRS C%BWE?&S, and terms or techniques that serve the sane or

a simlar se are cqnsidered to be.w t.hin the, scope, of the sent
ci i s, T oBHEBP A" gor Fen it 45 it S orhalilioe R B R6% ar P 3RE
|'i mtation ot corestatiod @h&kpiies nefy bespeal, abdceordtep svithhatmpleswnibodimeatsdifsiay et e

"Val ue." For exanpl.e, an algorithmmay include any nmat hemati cal,
statisticaPPO&tP8¥si and/or relational cal cul ati on between any nunbers

of user-spegcified, .eset, automatical |l y-. determ ned, and/or. jndustry- or
oyst em acodilRbi e’ obiES arenat BB pnt il i fe ne S et BECRME | Chos
may be2per hod BpamanciseiRottihg dalcnce | feiITE Rimplifidd rseh@hfi@Nhdvingds P rigei Befs| 1h
defined data eyal uation sg{rrfl e in order to 25praoduce a single, neaningful

data val ue 2°{HEAE] W ELREIPEY FRIIHBIYS Nebf RIFCTOFCIIYRSt r ansi t ory,
conmput er -readabl e nedi unt as used herein refers to any.non-transitaor
st or age an(ﬂ(?ogrll t r ansit®s gﬁ()ﬁ a??é’?ﬁ%ﬁ*}ﬂlst "Il?%lt_tCOB‘Q?rteic ?‘}5‘8?18%“% fr ﬂ?‘i‘f{ﬁ%‘?%‘i‘j}auo s
i nstructi ORgrshOCIRIPAHHRE Sen faQfas3B6 Uk b@Dint SHEHutRI KBTI S-S oss-correlation
with a current state in forward computation, in accordance with exemplary embodiments of

25  the present techniques;

[0032] Figs. 8A-E are diagrams useful in illustrating a number of situations in which
the amount of fast and slow memory is varied, while the storage space required by each type
of checkpoint is assumed to be the same, in accordance with exemplary embodiments of the

present techniques;

30  [0033] Figs. 9A-E are diagrams useful in illustrating a number of situations in which

the amount of fast and slow memory is varied, wherein the storage space required for a
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include, but is not limted to, non-volatile nmedia and vol atile nedi a.
Non-vol atil e nmedia 30 includes, for exanple, NVRAM or magnetic or optical
di sks. Vowvetwiig4awdi a i ncl udes dynam ¢ nenory, such as marAUSAENOL8350 Common
forms of conputer-readable nedia include, for exanple, a floppy disk, a
flexible disk, a hard disk, an array of hard disks, a WO

2011/ 146161PCT/ US2011/ 028350 magnetic tape, or any other magnetic medi um
magnet o-optical nmedium a CD-ROM a hol ographic medium any other optical
medi um a RANglatEnPRIOREPoAN dis EPROMIA & fril AGHe £ intgissBirge 18 tagesdaneelivith | i ke
a Menory Cakdn@9¥nBbAfnTBIME brochh Reifiqrar tridge, or any other tangi bl e
medi um from whi ch a conputer can read data or instructions. 5[0047] As used
herein, a 'ggag[di natg, SMSk &MhFrodess Mo BRLARIY! AhcthGR ik GHHRMEIQ Shidalic
domain with spatial coordinates (x, y, z) and tine coordinate t. Seismc
data is typihechl hsgs colrbledane gheghrpings.omeebcpidancecwish dixerarlarysgmbasiimenthef dhivat i al
coordingteiﬁ%mgggh%q&%y represent orthogonal horizontal coordinate
directions, such as'the in-line and cross-line directions of the survey in
whi ch t he are agguir: ! r dianat e esents

t he 10vert;ii“(i;ﬂa3 ]coor i ';ftléggilg{%gst%iw&g%%ﬂ%gg e}g)t%l hfgrnéoggbéﬁg%hégﬁslﬁltgh%gp
downwar d. 048] 4G sheckpantselimtacomdance veitlpeaga@sryt fabodmeasurodsthhowessnch t wo
tinme serieixﬂEkggnbers resenbl e each other. The cross-correlation may be

| i near or non-ﬂlnéar, may consi der aspects of nutual information (such as
t hose baseiod%@gen”ofﬂ%)rz 00 TR BRWPEAL DL TRY AT & %’Einég MidHe.deemed
useful to user. As tsed hAerein, a Cross- correlaton” between an

exci t attDon apdih best peajaadbed ofsenomwalatng mstafesren agvdrdancsevignixemplagcenipdopact ed
back in ti%§tisﬁyggg3£8 m grate the received energy to a reflection point
in the subsuPFgcg, iﬁenﬂ??ying the location (see mgration). [0049] As used

herein, "t Lsplay"..or .. di spl ayi ng" includes a djrect act that se
di 5ol ayi ng TWPTE Tk B EBIEs My BEBY SR hrES pBieati® o BBIERT o
any i ndi r eatiniawin tdsatassaitddacitt & thdckgoinki tsipdnayy itlegopaingt &pduadad, i e@oemedt at i on

of a physical object. Indirect .acts include providing a website through
whi ch a us8?&ﬁ§m@ﬁggfgﬁoggwgﬁpéﬁ?pg”ﬂﬁ%ﬁF@ﬁ?ghyperIinking to such a

websi t or perati.ng or collabgrating with a tity who perfornms such
i rect 18r INERF ot - ddbe hingocd o ok bl ptghof S sl iR R Gos
cooper at i oRndvoptima dhbdkpeinfidy ktyatae® fdoEortetati@p abdtfes Wizh Nt idndro she

generated on_a display device. The display device i ncl ude 5 any

devi ce sui P4B a‘F‘g’?S eéﬁﬁéﬁr@ﬁ‘@%ﬁémﬁ%ﬁéﬁe‘ d %“H%I&é‘,r{%ﬁltﬁrft%n%hﬁﬁww 18

l'imi tati onj@sukiipéalordg@aihiabdordin&dWaly exetpirderdb&héis ofahdFilsciDBHnRfues;a LCD
nonitor, a plasma device, a flat panel gevice, a printer, a plotter, or any

ot her type [@f39put putFigdeys Ge.a diagh dhSph@hdeyita beyednNgk UdRirdurdedoktCend Whi ch
has begn calibrated wth any conventional software intended to be used in

h
eval uatPng locauen idhs Hit fllndte Pheckpihongr e SprssgorFdafipntod 206 steps using four
30[ 0050] " Exgral afmn Sic=195 Bt RISV UKL NarBEfddiee WBANxCHFANI SHbATHR

exanpl e, instance, or iliustration.” Any enbodi ment describéd herein as
"exenpl ar y'of the pFrsent teshigussonst rued as preferred or advant ageous over ot her
enbodi ments. WD 2011/ 146161PCT/ US2011/ 028350, [ 0051] "Formation" refers to a
body of rod¥48t ot heffigslbdurf geeh skpwiag thaglatiog Lagyeancthe npingmyn seoptheid ve

and conti nyQygod bthe firsCRN L& PRRRRENt HOMEXENRbRelat) SE2FMUGstRERNLGUES. A
formati on can be a body of rock of predom nantly one &ype or a comnbi nation
25 Dbuffers when S/C=12, Rs=Ws=12, and Rc=Wc=l1, in accordance with exemplary

embodiments of the present techniques;

[0041] Fig. 17 is a graph showing the performance improvement of the optimal
checkpointing strategy with both fast and slow storage, over optimal checkpointing strategy
with only fast storage, and over Griewank checkpointing strategy, in accordance with

30  exemplary embodiments of the present techniques

[0042] Fig. 18 is a block diagram of an exemplary cluster computing system 1800
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of types. A formation can contain one or nore hydrocarbon-bearing zones.
Note that the 5 terns formation, reservoir, and interval may be used

i nt ercharnyoablii46tsut will generally be used to denote prPrOTrESs&ilwes3y0 snal | er
subsurface regi ons, zones or volunes. Mre specifically, a formation wl|
generally be the | argest subsurface region, a reservoir will generally be a
region within the formation and will generally be a hydrocarbon-bearing
zone (a formation, reservoir, or interval having oil, gas, heavy oil, and
any conbi natd gravt herusesk Yo implomedtha rpreshie loghliqugh. in arselergel yith ekempleey a

sub-regi on Qh AREAL 8PthObreBerkt RERTIYRLS - A hydrocarbon-bearing zone can be
separated from ot her hydrocarbon-bearing zones by zones of | ower

perneabi | ity such g PAASHPPESCRIPAIGS OPEXARMEE EMEobIMERYy compact ed)

sands. In one or ndore enbodi meNnts, a nydrocar bon-beari ng zone i ncl udes
heavy oil igy@fditiop hOrhBRthe delad¥d dé%EnﬁfoH%EctBQrt‘%'%pe%ﬁic' dhbodiments of the
15[0052]‘_7 Geophone refers to active elements, whi are sensitive to

sei sni cOsi @readms tegheiqees Stgroeriticd i mwtl(o@m@t%@@pla teéljm@mxe@tﬁ Howaeertthdheact i ve
el ements. AGHLMEGhETRRSe b mlﬁ@dn Y QRN 88y FiBnlchPorc) GRRALS Ut
may al so i ncl ude opti cal Cro- ma |ne ectro- rrec ani cal sensor

el ements, ahdhet preseni ’pcehmt[m@,S@]s I&Nntpmb‘értbcbné‘or axeelpga@neana’low ahbf amesimaky

nol ecul es f r t il and
nat ur al - gad iR SR ¥ 86 &t ABadRRy Y XRHR0E, AT SRty 210G,
limted to arehmdtdgmmd tonte¢ albdcnfm eh@dbming, dectieddeiw, muygamraMhaechmqhémr
Hydr ocagpbons roduce ocar.bon_.reser.voi

ponet D1 nd h AR SR PR AR L LB ubHSPHEART  om
hydr ocar bomfthesppsemmcrclmy. i ncl ude but are not limted to, kerogen,

bi t umen, pyrobitunmen, asphaltenes, 25 oils or conbinations thereof

Hydr ocar bon@4dapy be Awnbaveetyarddifoneass oﬁ&jfe&ﬁ&,tcett@innérnﬁméd inethik lap@atiér hi n

t he earth. ri ces nma ude, but are t lim edlrre tar.y.rock,

Cander &1t 00 st 3R IR wed Bs iesris o8 Koty B} oS o B R

E 005411) Hy dmopdedined bdl@d.af sholld bagived %eajrmmtdsﬁmhag p@gcﬁs SEMs Fémn@u btlb hgsrees sure
soun waves I n a | envi r onnent ro one al so udes a

suppor t'Png Sb&8M4 &rm%%@ d &1egth Pwrﬁﬁ?dd@%ﬂ ﬁ%loa@? UGS W MRS

el enents t pRis&RdUniGRARF SR liRlied @? lt&qisagecofeﬁeeteﬁﬁst showRBEIWBY: Al &RivaREkUde

ot her sound detecting el enents. [0055]"1npedance” is the product of sel smc

vel oci t y aNENONKES, RSN HENFLOPPITHE R BTy BT deshnigues Ahatessrvanthp gamE fof ér Bhlal ock

| ayers, % O&inlerdll 485 WithiRthels@IpRlof A€ frdd¥ Blaidsl - VO _
2011/ 14616 P18T/ US2011/ 028350 different inpedances. Two types of inpedance

terns are gguas|al |y dafinigdr cABeafdnbrmaiREBhD ald Pretds RiMGMaintiREHaNgs, al so
cal l ed _acoustic inpedance, and L is S-wave inpedance, also called shear

i rpedarBe. sTie of ebkuells sapschufresuliiealisercteaValuser Fateagelve rmpleyitiegasyds on
the contragfcjq a%?%aﬁhén%%&la?t‘éﬁs%cﬁngogﬁ&él b reldind QGHu RRorLhE e Shyde Of
the interface. Specifically, the contrast in these properties of

geol ogi cal nkmher of abfrepeaticd eraset Ia@t@mamllﬁoéﬂmmme@lman@(@r inHestiyo wn daytgm-
separati ng Nt e

i npedance g%l%ﬁ tgfr)l@taﬁéa%gfg%g}st& g Vgﬁg?ﬂ%{(gdng%lts l% sur glgle re%'% ;B ase J}l
recor ded seilgerit dateetdneotsi ionelataiaoiaspreaosis dﬁf nnd/éatslemluatiotmﬁtﬁ@léIumveiestoon or
" Sei sm2 |nv rucsel'cPsr}nl meamﬁ BfgaﬁavatﬂYe whi ch one attenpts to find 10 a nodel
of sub&urfdce e% i reproduces a nmeasured seismc response Wi t hin
a toler anCﬁ% Satl ‘?Tf %teg?e%da ed?‘nd g&ophﬁ%n %@nsu% nSt elsrea&-bfr e are
a | arge nunber’ of wel nown e ?10 S Oof sersmc I nversi I known
net hods f alnlediunt”as el lefeit wiere @tang mbnmns1tmtye|tc&age\md/iomrmm1smnamudmm that
non-iteratiyv Jntver3|on Non- it rat ve i nversLon is %Elg dg

assuning sORECRRHITE PR B]ﬁtﬁ‘%f‘ ¢ BRG0P %eﬁ%&"“ﬁlﬂ% * By ‘B*W 15

t he i nput dafale, but i€ AOPHMItSD Y, nbh-@blaﬁ]le\/tﬁedlanm&i’ solatile wsdi. t Nen-ugakdt exkdimndel

oS Pl Bt NEE o5t e, b8! S5 My oy L OSERROTT
the stati stgiygadhic GRSy, UGHch € thilh ehdrRdr@N C€oroi® IfGRR| ofadinfule-rehasiEé ueddiav e

interference of
include, for example, a floppy disk, a flexible disk, a hard disk, an array of hard disks,
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noise. It is a two-step operation that first upward projects or ray- traces

fromevery depth 20 point to the surface and builds a travel tinetable of

pot ent i alwoay1iipiastes to surface |l ocations. It then suns Phe/sanploesssé or

every surrounding trace at a time based on their source and receiver

| ocations as defined by the travel tinmetable. Kirchhoff mgration nmay be

based on a one-way wave equation, and may be | ess accurate than a ful

t wo-way wave equation nethod, such as Reverse Tine Mgration gRTN%,

di scussed Hegagtis. aps[Q@EBg] othis rmiaciih PicdivAnerrgnctpopbicas nedivghye 5FBHYE e

| ocati on. Theeabkie AR, IEALMOTLTEN R S0 QWROAL Sha EPROM LEeRsiat ers.

The mari ne environnment nay be an ocean body, a bay, a large |ake, an

estuary, aESROM.orsodidshtmmedium[lgo3onemrycatdi emy' othey mempirg atlgﬂpyorpemfi@enerd

during the - [ Lsm. C. | [ ' to accurately
ag}agt‘ﬁ%lgﬁr%?lﬁé ﬁleﬁﬁQmsd‘cﬂlg%hfap laé@%n@%@cah,@ﬁ 1 8¥ Plgt?ﬁcﬁg%s

position the subsurface seismc reflectt e nee 30 seismc
moratign 9ds5ps DECAUEA YAlARk oSGt AGI kiR AP T AoRRN Nof A Ct Or S
cause seismc reflections In unmgrated seismc I nmages to appear at

i ncorrect |dowaini pitls spageli ewidmnatdsgray.i Drend gingncdondieats k.o veciopar datd entypiaaliphi ch
the seism l,ectipons, .are [, mr o I iy ce
posi tions. %qléleglreg aé? g%ﬁ%lnl?/ adclogf&élfagenﬁ'sgeglmgﬁ‘le glgaﬁ’liglg?oao Clh%agn(%txe%#}dr’#%ﬁgg Q&Q{%Ba
2011/ 14616 dRIOgo8201iz) 02 &36MlifBBendrofiotshase avitigr atlirerantl echsiliqeudsecivas appl i ed

after co n- m dpai nt, . ), Stackin fthe ta traces. is _kno in the
o oo PR S i Hed B Sl ThO el ol it el B By

sei sm d0datvarticil@c@dina@\diragioh @cls andpthatidaS@red pa@ive@ownwaldoi nt but di fferent
offsets are summed to forma stacked data trace that sinulates a

zer 0- of f sef{0048} a t r &a®odsa@nrrtlhgon”Ss mipd@essnihati Meagures howmucbueh tipostisd at k"

m gration can, be don%1 fo;1 eFarerH(la, by int ?agrati on, along diffraction curves
(known as DRMPEH HEE R nfr a1 Dn) | "y ORI Y P INERTt §TeP UL, may
phase- shi f EQQ%WW&SC@PMuMBti%MﬁBnt(b@ﬁlV\@sVgfois@!bdsed%nolg}étéjqﬁd%ihyﬁhﬁmbe _
operations in frequency-wavenunber or other domains. ler seismc

m gration Péré?fmeﬁﬂ%’salbyaﬁthﬁrete&b‘ﬁﬂ‘?eeﬂeeﬁé’fio‘fséf“%tt%&kllsﬁb a%s e hefgins@iciiic dat a

t r aces 15 Th@sRelatRIeBtREdH" allicdEifkib® Hulse GRBeEME ForRaf] aPRhicethd @ seRMid Adévi dual
nonzero-of fset data traces and the mgrated results are then stacked to

form the fiPrasctadnRigle in Bmesit aeed toi Giegate i 1ogPYLateieypp suisdedioparinrin ithtages
than post stk SluaitirPile (HEONBNET (sedhsdiRgK M gration is generally nmuch
nore expensive (i.e., conputationally demandi ng) than poststack m gration
Accor di ngl ygo49pe useaOfiscBheRiAsH 2l @@isman%’y@bﬁ@éslaydi%mt iR tO
15 situations where poststack m gration does not provide an acceptable
resul t, e. gisplajiineoé 2 irphical icpiescatasion pba ghysepl ojeht.;5iwey. as|any suskrectagsbat

refl echgr Qi Bl S ARAI R Rserioh WSl 1Yl i S
prospec?ing(ggp?pﬁﬁmﬁgfggggiogé{ﬁﬁgm%p Pngbgﬁ?hggeqﬁgﬁerfﬁr%gﬁgSre %%tors
usi ng dat apfavahngseivebrite throughnivlrigh & ages is"enplgob ] affeet edispley, hweerlidie talsughy pes
of prestac .grat | S I Larat i r.est .

T ot on. A sy peLER BithblfEe DALAAAP ARGl O ARE MR e
t he sei sm ectwavduyp raofragedriyonay epesae tlpne r itheoopabsur vab e thsd pewdechdonta he
seism c imagin Ln. a region where the subsurface. sei.sn.c.wave velqgcity

var: os onl g o REL T PGB GRS ERBS B TR ST R
prest ack t iane devigr aiithlda f(rRESPYying the aeferegicomapgd)aneh isheitlsailb $ivithé@ea sgiusim ¢

wave propagat.io elocity. varies.in both ical and | ateral r 25

v zont o S ea? Bt A4 st b ot 8 S bR Mesabip ke ¢ SbetRked 1o
%i ve accur gb'ﬁcd’, %pﬂ;}ﬂti&, ?] [MﬁzgﬁfthQméw fglephts(?zﬁm CTheediglayi Geviteldyl ect ed
-wave or S-ywave a S erent no romthe source seis ve.

Sei smic wal Vo™ higudes bech <alipped v ¥ copyratiga syl Eobe. vave
(or conpr essddan eVRihg IdbAbctRXt MOMS ihRotiledidblaetilgn of 30 propagation of
the seismc wave. In a second node, the seismc wave is an S-wave (or shear
wave) goi engesd] generalxbypRBrpienNded ekaisited, hhgindior @64 6Rr@ie B apagahpen of
the seism ¢ wave. A source seismc wave produced by a seism ¢ source (e.g.,
an expl osi Wstangg, ogjiflusgation.’etany eméoddm?ré&%%fdlb?%%re@ Bulsrerplaie dh 18l 1ouks ur e,
whi ch can Rkgxguel SYpsidis advafdetsit OVer(otredemb@iments.
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WO 2011/ 146161PCT/ US2011/ 028350 interface to a | ayer of hydrocarbons, a

| ayer of water, or another |ayer of interest). The seismc wave is

refl ect eawbnrombwisubsurface refl ector, where the refl ecras2&aiozssse wave
can be nmeasured by a seismc sensor (or plural seismc sensors) (e.g.,
geophones or other seismc sensors). In many cases, node conversion can
occur upon reflection fromthe subsurface 5 reflector. For exanple, a
source P-wave can be reflected as an S-wave, or alternatively, a source
S-wave can #51} ef | ectfermaiions refenaived tady off| ek svl harsyvbeuriigy sokidtathahis a
mode di ff exgifichd0 MiifGVIOHE Ghihis SRHERad S STLDAANE ddmpief 8y heldmf0 as 2
node- converted s€ism c wave. sel smic surveying techni que according to
some enbodlt%mﬂgeses"t formpteon cab%larbpﬂmf gk ahpedmingnsly o dere oo Aeembaatianie; smi c
waves, whi %P 4 Owsfogrpﬁioﬁ%hr? Wiftain joge gp hl‘é?%hﬂg%pfaﬁ)%n rlye'ﬂ}h ﬂest aﬁ@tﬁ'tﬂhtt Phe
account absor tion effects associate - converted seismc waves.
Consi debi ngermbs‘@nptlbmnesefvbécarsi iofervagfriag bt edednthechengralely 1 lad vaBigemirdlyay es,

as V\B| l as ug‘e S pcfelngtg eI'fOfl%g:SthSe Ofsma grl seu l?rgacgurre 10£10rzosniesngolre§forﬂl)rglgs% S .Olserri ¢
waves, all ows t e Ser st sur\}'e ying techniq £ e nore accurate an
convent i onapecticaNeyd ﬁgmamhmlqga&:ra(llw/rbec’rhetlngmahbwrmmtegmmubm\mrreillvvave

absorption ar ters t I\/utl ti cgr‘rrgﬁ'nent lf elzvyd er to seismc
surveys th rF IO%SV Bln ?1 Or?‘%éoéﬁ ERE P W8 8‘? foPe “one
conponent s (forinfigons iservie, @Ryl havihigthein gaso Aedvi @il aﬁiean\y%mbﬁﬁﬁorevhaﬁfpi),e a
3-co ent -C ceiyver contai.ns three arthogonal nes and
o cgﬁ ec&P‘g Wéer‘{@? @]g hﬁyie Erotﬁ-&oqﬁgﬁ?%ono‘?r Hoﬁémp?gf‘tr?sé 8“m§t1%' Ca@mehe
recei ver (tbb&ingadoht Che bm&pa@zﬂemmb&hém@Wafﬂoﬁlbearmgswnasc BYROhes @abiviiC| €
velocity or particle accel er ation or even, in principle, a higher

der i vat i ve PEMERHEDPHELE it MEIHPEH shakrentshaleike Qﬂ&lﬂy .Cﬁl@p%id% S41ES.s (i %eyor a 4-
conponent (A Qmb&IiHeAE arh%x%ba\&%n Se%ﬂn%k&f%ﬁﬁ@ﬁdeyﬁéawy% 1H§&Ht1orﬁo%a& cRgel ver
contains a pressure sensof such as a hydrophone in addition to three

or t hogonal o5etheidrosouaselidso can record the pressure of the water colum
(which is a scalar quantity) in addition to the x-, y-and z-conponents of
the parPi cll®3bt i on. GESplowsaeiers ghactingplomedts. whigh prcoifnsiiie Qricsie Uehadn
equation i rdn@rdesuﬁf)orhﬁlfb&[%ﬁ@& s@‘u&tﬁfe‘} WHich B(l;l@st HHRAPRYEOX e TR Rk Y &'&ﬁz%rélé?ﬁe"htst he
downward or upward propagation of a wavefield, but not both sinultaneously.
Simlar eqiwidadyisomplist piceociesirigt derpents, dus ntaypﬁé@ wiclude @etlcrabrﬁfgwem mm@rt a.
00651 A, SRRy REL Gl oS %sor%ﬂqu and ORI M Zi ng, " opti m ze,

"optimality, optim zation asvve asllngwstlcallyrelated
wor ds and es) ar bende n
requiring It? eggr esentkg?d%grr?tbﬁgonﬂtgo& gyﬁghégiletgét ngoclﬁcl'{}%e% Q%ngr% ?ﬁm%
best de&gi sicarhon @dthydiagkn aomsw@moﬂ@@dnmdm nidy drecakhons oy ﬁ}agnncwdf: aﬂat:r
arrive at t S f [ S '
el “vor | dasn: tehes T nPHRATEY: Bl HAMERI:RGRRSRBlA! bt andior
2011/ 14616 38G¥/ US?}@liol:kth%Bﬁhynbe hoddycedrofteh shydmalrbpn OCETRES ﬁmgugh/owklls
towar ds such 2,808 ver

nccor di gl Yoot b SRR Y. BSWOFAbIR SRR 2BrerubR esent
di scl osur e rasedvbir apgyr @cludd, dut hatnot hiesed ltcerkmi)gerl rbitirmen, qomnibéniimenfasplivdtessope  of

th t Th d b Ki
Lovar 0255 S O FORTEHEREY TTREePi BECE: KOART AP0 Soiferto fancl

preferred s@ridet W’lthmoﬂhe @ar80| Matrzds hARtincdfdeebh& afe B@REGhitddao beaidntaryrdch] N a
range of constr aij %rtherd the terns ma$/ refer. to inproving or refining
ncurrent - SERGeTISHY SR P‘é"’rt‘f?s RQYIE) W oFeF BPO¥YM&HAr ching for a high poi nt
or a maxi rru for an gbjective function or roc§55| ngqnto reduce a Epgln | t
functi on. éh] i X rgphate AR 18 ARe el R dha L @tlb%tornreﬁswet<

or sinul at wmesgm 6. mdQEQmvRAARRL e, THenhySi%p‘hB?l@ ak&BRIINGs OAHpGARP WHody (BN cel |
|nase|smccg léﬁlrepresent a pixel in the imge data.

[ 0067] SPos BEHAER) W]P Belds the agfivgclasugniig Aty plemps Wptfa%w CUBRit Pierelestifi ngs
have been umRRA Wk mal 3ck B0 SHhS! Rakd dlidctihPHb@sntd ncl ude, for exanpl e,
reflection intensity, i nst ant aneous frequency, reflection

het er Ogene'[(‘)(}SS] aCOUStHnﬁedaH&@Q@ﬂféﬁarodﬁ%{ eeididnic YbBeitydBRI Me %l@[%ﬂg @&Féﬂéh&
[0068] "PP" and "PS"' represent node conversion events that ta ace during
typlcally varies among different rock layers, e.g., opposing sides of an interface have
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seism c surveys. Acoustic energy enmtted by the seism c source nmay

predom nantly be a pressure-wave (or P-wave). Wen the acoustic energy
under goeswoebligiaticon an i nterface, it nmay al so undergo &Cparstéialo2sssee
conversion to a shear wave (S-wave). As a result, the 20 seismc wavefield
acquired at the receivers may therefore contain both P-waves and S-waves.
Events arising fromarrival of P-waves nay be referred to as PP events,
since they involve acoustic energy that is both emtted as a P-wave and
recorded adiffornt impedapess. awa tpoaieRfelmpedage dergyi 8¢ mgngralbndefineily bl angr Ls,
S-waves may,Rgid ei&5 ek hpe@hcd 26 ¥AMIScoREOESUPRY, AnBY.Q! Y&va3E RlihieENer gy
that is emtted s a P-wave but underwent a node conversion to an S-wave 25
upon ref | eetsp galledrsbicar smpdslanast dihe reflecioriendtisient pleany iatsefaceegenergllndepgndtadre. PP
events occ ] ' riGal ent s: e '

cei am o dats g Bh IRESBbLKR KEELGR oCAERAII Bkt A EOHER o
conponeht s Spécifidadly athguéangast siei thesecpmptraes pD@EAPLiE wayed afinds "tI8- wefleetionar e
types of seispi.c ves that occur j.n the suhsurface. P waves are

A St ot ol AL T e A bt il e IR U e S

per pendi culdaernioing htbe wapehnceninsl/ca shaktsitn atrectee ngfr @ seisorfacandgiv@abefed cdn on
waves. P- vvaveédregcei v.ersqjeare Cgﬁsgonsi.ve to.vertical particle notion with

respect to TRECEITFRELSTSFUMHEAPEHNC EVeiiles or shear waves are pol ari zed
parallel t wavefronts,and.are. cl assified as S ves and as Sv
for isot opﬁ%&sﬁgdi a. IHERE COnPEXc StV efhins uf B@F?fégw 1“%00 eé&?%% S
partiche Wo &d0del/ol408dkiEAeTHdpddsl (HAR Bpbldiuomt 4 arvadusedn eidnziontbndenwihiplaane
that is transverse with respect to the line of profji|le. The particle notion
for v i aUaHEe 0 Soip SOHEHI et R Co e b 4t § BREHuge o
particle niellorh thepRid@ bl &lisnti® idviRidni Mhe@f wEll-RidwrEmethi@all WaY 88e 68ROt
propagate in a fluid because fluids have no shear st reng[t h. Sonme nedia are
birefri ngeftegBics. %_%f@‘é‘ée_ Hé’@‘é@ﬂ%le%ﬁ NPBIIREGIVS IBYHIENt r oI_HP‘E:‘.1 It TRVSTSIQ &
acousti c engoghpliSRliby asduffify QbisHASIY baRgroaid BX¥Id AR Ghdaahy the dodBiRBali& on
characterized by different propagation velocities as fast (Sf) and sl ow
(Ss) wdvesYhedopytdgtat AmpRIMRATEe: FEighvaNkEHPY Hca e widited godelep amut leanathezat i on
di recti ons ({.HapinRkLiBn SO Migtiypves. [0070] P-wave exploration conprises the
wor khorse of " seism c surveys. However, special studies, for exanple, using
the techni qypg) descrirdndiehbdionay aﬁ"iﬁ\%}’.\!efﬂ%ks@&%ﬁh% dod okOnexddomat i on
of the anisotropic characteristics of selected rock formations due to
stress and rflicaen dhe siisticah eenstragtiygiiterfavenge 196 siged! fapd thedletpuctvmiiaiferrgesoiay e
and P-wave hial Qg¥ol 1N s OF ks’ 1 VEES 0@l I GES,
usual l'y pl é%%gl iﬂngan%grsggio p(%ra %l”fhg Ffsﬁgly‘%%%? eoz%%soﬁfelt% e %E? rgce&gg'p%@ﬁe Earth
or j us20bemeiat to, theigetce mddwildct trevef timeteblonpadntiol oy attholesuffzasrieaatek. $t r at a.
15 Measure t..of it u a Y ti rrii: flected
wove at nunERoud B8 S ER, i S W hhy St hOF s BRaf b M Sl LT G

i nf or mat i omecabveulpcdtioas dshde€ikerblgsthamdvet aimptablet iIKorhiodff miggationokayiertate ohen g.

| ayers). The receivers may incl ud eophgones rophones, vibratiagn

det ect br s, Ohg R8T SriTEaRD ufSa o R Bl e GIFLRRIEN G el f s,
measuri ng ik aampldridlies Migratieh [ ROV E diss@yasherefn.t hr ee- di mensi onal recei ver
may, for 20 exanple, have accel eroneters al ong each of the x, y, and

Z- axes 260 (@81 m ne ‘Mbdrine renvifonadeht trafeaseto diny effthoon Bcatnf Olthe odifishaera $dcotial
receiver rraél{? rcffor.rbi ng @ tger ee-.didrrensi on recei ver. with an a | i tude
detector, SHERCALIZIRY FREEHEARICP ALY e f i HEEIFBYFHTEALTEY OO A8 WilVe.
Ei t her thraeagliameisigah cqtarf 0ilea dir aRAGINGINAl recei vers may be used to
detect both P-waves and 5-waves propagated fromthe subsurface. 25[0072] A
"reservoi r'jooso] " hydr-ogigrldaon’ ik egadalle bérformsd defiignie das p@c@sivg 2ageof(skiomic
exanpl e, hydrqcar bon- produci ng zones) that ipcludes. sapdston | i mest one,
chal k, coal™%HP é‘bﬁ’é‘e{)%é%cuﬁfeq% H?BTIB?‘? ﬁﬁys“i’éﬂ’igﬁe SHMMG AEYeGHo s ¢ ﬁ'ihékl}?é 4% 1 om
less tRBan Q&iemicomigr{#n IPWE& Bdcadse Vaumsle @eismRf vdl@@tes (AU NBFRELS rddlectdds. catifte
perneability of the reservoir formation provides the potential faor., .
product i on.Sel%‘[c%ﬂ?ﬂl@%é’r‘%grﬁt%@?)‘E)‘E‘Ftlp’é%@s 4R8P RAS BF Y HCH loﬁ'f‘té%‘ér YIS yes”

are defi neghigdtion is an inversion operation in which the seismic reflections are moved or “migrated”

ves

to their true subsurface positions. There are many different seismic migration techniques.
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guantities representing physical attributes of rocks containing reservoir
fluids. The term"Reservoir properties" as used in this application

i ncl udes wotzhivmesur abl e and descriptive attributes. Exacplusgolof2sssasur abl e
reservoir property val ues include inpedance to p-waves, WO

2011/ 146161PCT/ US2011/ 028350 i npedance to s-waves, porosity, perneability,
wat er saturation, and fracture density. Exanples of descriptive reservoir
property values i ncl ude faci es l'i thol ogy (for exanple, sandstone or

car bonat e) Soma@f dpye %Wﬂe@mméwguappwa% mmeggudnest (CHP) peskingef nay
be popul at et dafiifucd, TASELNO] infl AR MRk RATPIEAbOAGhs GRLL AR A fger at e
a reservoir nodel. 5[0074] A "rock physics nodel " rel ates petrophysical and
product i on2rindee ¢f quléip@rdatée@fam having ke pongraguremrec@var eidbeink betl @igfeicat
properties oﬁg td ﬂ@ ﬁlﬂﬁll§d quofmglsﬁgked%ﬁm gﬁlaﬁgim{?ﬁ{eg Qgg%soiffg@tl daaggce for the
production-re el at ed properties may inclu t are not ted to,
porosit$, podmigenqeestiy. [Sunhe ‘pogstaad trigiatiyn vayl hendonef fos hmnwlfmbydmagration

ggtn't gﬁ{ ?d an)rllgggﬁ o :%E{%%sf] ng nﬁseh%rc%g ﬁ’a%%atﬁ’ nEI%é/pr{ugn%Sg%%’mst% errence}’ge and
exanpl es Oﬁ)h:b;EHsklfte|da®hwmrdflcbmpﬁlaihor£‘8)f may waclidkle,orbby @uakot oberandrednt o,

P-i d d S-i d k ph del d | t hat
oy be uScd AL s VAT BUrey ot SFEE el cmi o survey, [0075)"Sersme

tt ti th duct

2 siom o AP oo " HOOGEETEY RERTPATThaCEEY BT spih? TRlire S5GRE o1 Y 1

m cr osdopi Geisrhk datd Qﬁde@naﬂheieO‘l‘Iﬁ&ﬁacH’hdngtﬁﬁﬂri echiigch raeomapphicd td ﬁ}éei'nﬁwlduhl is
often descri bed i rms of a, seisnmc acto
Ot emuat T o hor s ot Pl e ot Bt Jesh & ke B gRTA image

t hi n- 1 ayer iPRgtack fmigtdfidd @}lpﬁﬂﬂy @Edd@&éaﬁdtt@ﬂ'hrﬁbfg@éﬂﬂﬁm ﬁo@t@tablﬂﬂﬁg}’d@@ﬁnHo%%ﬂ ded
by i ncreased spatial  sanmp gr]aﬂvof seismc data (e.g., neasuring hoth P and

S-waves) mRiFSBek Mg HEl e s,%ﬁe @ugh AT ?‘PF%%Y%‘ e @m@&tuoﬁaé{wmav@n@éh%m e
for seism godtdd HigratiBh. ORESPAiRGy, ROk PREMEM ki rﬁ%n%ﬁ@t@z L8 bt idBd to
applications. Exanples of such applications i n ude anplitude and phase
conpendat i SHUatRAVENEE PRTITRksBIZREIoN deguldin ol %%chﬁabl%fﬁﬂulltlét&OWB‘§9Iﬂ?q uid

i denti fi cat iR §t&%‘iMPﬁng upl s'oﬁl% SRR AR Hip3ah SX8cEq & Elég'ré%k't &S is v§e@! smi ¢
attenuation nmay be direct felated to perneability (via a squirt flow
mechani sm khgwn e&éhmﬁ%;mlclmom@mgl at. ylt entyobd wessibde &f 1mpge hesos Egverturned”

t echni ques,, 9%%189%?% ﬁﬂﬂ%%hﬁCQHM“ ﬁpnblned with recent 25 advances in

i magi ng to determ etween estimated seisnic quality factors and
reservoir Ry 3 terST eEeOaQZ f}l %%%amy esAR DR AGM Moh estd%ﬁ%ﬂ%rﬁgﬁt SEARI N9,
processi ng an recor e sel m c waves. A "seism ata trace"
i s theZ2Pecoradtadh daptéem@:&‘t@d sé@i berkgroand rSﬁlbtheW@@ 1gf0paga®@l selosityi cnodeipta t ude
or acousti e X- ) n.. ] e can
o poorL plIPEIRSEhiched, PLARL SN SRl SRRLIRD SR IS heke
"trace") whosgngnipld Itegmeswhe&fthembsuﬂﬁa@e ae1sm1cbmﬂve vvlablq,emras omla(nln the vegical )
Four i mondiSah e Sty PRAE Pl ISR, bRBest s ByledlBr Syl 8l €081 ©
2011/ 14616 WReE/ thiS2bdik 02 83milc dianemspapationataitdivaigdsyin both vedticdl abé lacdragod y

nders od. that th techn es . descr.i bed appl otr ces coIIe ted in
ot 2B e hi et Gt SSLBnaner oSRE fhishiy SR SRR Yp g aiBraive g o4

descri pti omeshgy.ei n focuses on a single trace for each receiver.

[0078] "Seism c data"” refers to a nultidinensional matri x containing
i nf or mat i onooea] obt aimedloaé)wltvermli Sfsfid Wadches & tfiscted BG@vE b 86tane thadfasa fi el d
usi ng seism ¢ net hods | east three di mégm ons in the seismc dattarfit

r epr esent Pﬁgpr%g%;?td%‘i‘?“bﬂleé%ﬁe DOTHE WaYes PRERNG RS hegy e nfise Ing it 3ng

t, where Xn@jag, the E@PHETRNE it OPIIOC [ GCRI fpﬁﬁs@ﬁ whiA8 tRRicRicndsin @kt Krechor@bi d ON
the surface, and t represents the tinme for a reflected elastic wave to

reach tHe SAPREAEIEN ODMBSFMNIGGVASR tHescapsyaede; s seismichavg danayivay (of sy s, t
may gener al\xlaye)r&féhﬁ§ %@ﬁer&l%eﬂ%ﬂ&@ul@ﬁ to RO dikrReoPBE Blfopbg%h&%ﬁ e s§§¥ﬁ1fcax§2§760f the
earth. The mul'tidi nensional matrix will contain at |'east one other

di mensi onalA fpessiEMiq Vigyctiedusedybrat sqinigEoEEe o pn| FelRbiverin allro%unes‘(taargﬂ e,
this di mengiofe My, ﬁdb‘%e?ﬁﬂfa AYuchEd, SWhith A8k hab DR o TRYRE [EARRE a{no a
particular point 1nt field, 1 ncluding such seismc data as of

gat hers, offset stacks, angle gathers,_gngle stacks, Ip, Ts, vp, vs p, and
| a, anong ot hers. 15[0079] "Seismc reflection surveys" are the nost conmon
type of seismc survey, are



performed by initiating a shock wave at the earth's surface and nonitoring
at a plurality of surface locations the reflections of this disturbance
from t he woderlpsreg subt erranean formati ons. These refl ecriusesi1oessse from
regions where there is a change in the acoustic inpedance of the earth,
generally the interface between adjacent strata. The devices used to 20
nonitor the reflections are ternmed geophones or receivers. The signal
recorded by each geophone represents as a function of tine the anplitude of
t he ref | ectitgifrse dereleyddofbydiasatborre dplavtieof Wesera of briheippyesaf rra&eregg, Thehe
reflectiongedel-qehed HeRANIBRRARNRQGEMCtd: N OMBrEmR P18 CiGRE Nk EEdnect | ve
surface |ocated on a vertical Iine passing through the mdpoint between the
sour ce and bgawphisttledy aTgissnic feosor éoranyralseisand sensirst(eg-bagrobones shethen)seismigcch 25
geophone r i " , i .
fornations§§§§%icg1ﬁ?gagﬁggfﬁﬁgqﬁﬁ%ﬂ%&%g?h%%g%%§ﬁ2%§%%§gg§%§ﬁw3%2§€E%%tL

[ 0080] AS" streflectour Edr graimgte, psowrcg Pivehvie mamhe cdilectad las e Shwayanorbdteadtvadssed by

ndex (1, Iy LNsi0e dhIBastRR ok o baahe. ) rdflotf S8 dI IRASLANGS Abbgce! ! S
of a structufal gr|8 ave simlar shape and e same hunbér of VértiCes,
edges and fdétesit ftom thei sodmyf tHeopatoogietalic shvaint wleredfto a8 triode-gorvertdd . e. ,
boundary and adjaceng¥ rel ati onshi ps .bet ween &elks, face bded esm.aqd
vertices) PEPNITY Cuet isRET DY YHLS RIS GrRIge © saps et"ﬁ, 5T S HBY Eeent
to cell (i #Bsorptioh. parli@ets®s for CABUDEUNycrtedle deisthic UGhuns e Gvigeh dHowy ehCatk@sd an or
radialabn whi ch each .cell has four ed i tﬁp di nensions, or .six faces in

es 1.n
three dPrendvEHEe Ceqie Rk BRI Bemipy el BRs Yih ere-converied

2011/ 14616 386akic WarQd 1CORRRER: SBoftios etfadtd ol RFTIEED mody vt eBRFl vhvesan
exenpl ary enbodi ment of the present techniques n optinmal checkpointing

p a
scherme is Phpiclms absuptianaatiegs afirpiissied e e siiglimadel sejimigev aisnlons &b t o
save 5 a QgﬁﬁkﬁﬁﬁmP&gW@ﬁﬂkﬁbmy%@HmQQe@&ﬁh@ﬁﬁﬂﬂ&mbaﬁﬁﬁﬂgﬁné&hgH&%nmua
information needed to restart the forward sinulator at a given tine step (a
ful | stat e (vhiek kipispit Just cpppgigPuregye pesgintior #28meyrs)-or doi ng a correl ation
calculation (a correl ation checkpoint). Further, the techniques distinguish
bet weer St hd0®8L es sSMiicampoRant SWV e affécre & adiFmiy B foye tah des MBH-CANPEICP! e

types of stQLRGR ttf rRBid (W n{oli)ﬁecd?iiq{&hé{fltgoﬂile fdidnhic %ﬂ&éﬁin@ﬂgrg%%ﬁ(ﬁﬂeﬁ%égﬂ

checkpoi nts saved. The conputational speedup associ ated wit

i nventi on d&oeexanpte, & padinpprenti3-Qr seswanhiecd s cRipaingh thirgeepritpgenebgppphaays pinge
fromtwent over.4tr - d . . .S e tine
depth m or 3¢ PaL RSt fRo ARG REEAE Lol s ReETuleiualeRe, |12
cl ust er - compibin ngy éaviermarmindisplddomenteparticlheclo@yhmipguicls adesdarationed ehay @i n ar e
not lighted.to RTM . ' , Y., Set s G | [ i.catl t, pay be
used 1 A0any ndnbet ngper oSS or B RRS Myl MRED T8 aTPRk PR e Y
stream presapiredt {(43Cy eaienis eedeivee can dierpativielyhbea usdc oAdd-Gateeciwdr ropatajns a

presented in forward ti order. . [0082 ie checkpoi.nting strate does
ot ol varsutt NN be s & BFisnbRopeh iR dlie SEGEBS RO LI & S
checkpoi nt secordothb erepsvecoBite water evlaink (whieb it heafati fhansitya iieadfvakip dhent-, pot h

for correlation and for ﬁestaHtin simul ati on. The techni que discl osed
herein ZOaﬂﬁ?ﬁ@nﬁﬁmQﬁQB fBYECF 81°%HPTve to the Gi ewank checkpointing

strate b i ng advantage of the fagct that the storage requjred for

er for Abng Wl 13 SR ORE-BE viae 1R o o S ot BT SR Bl b e wrige

IS: ize, t haln dirbaiong ﬂiﬂtlbdpbﬁﬁlirﬁ@ély sé@gb@gh@d&ﬁﬁ?k@b@p{\]@fw\@b@gaﬁmmxmreﬁsm,at e.

or exanple, a conplete seisnmc data record may have njne caonponents
ecorded: DHr det r R e%“é‘Hlﬁnﬁﬂgb’art' EPar BIUBHYTS | B A0 e3P ofriphy dwpes of

di mensi ons lcaishainXicdatL£ss tensor fields, from 25 which informtion about

P- waves and S-waves can be extracted. In a seismc forward sinulation, the
full state|gsspkpoi NASuded bR thalidrmBabiTRil erSptafidinyar +phhes. nopgtaslity o
restart the conputation of forward sinmulation tine steps, which may require
t he savPng 2Bt “WEREBtgR| @sWel a%lﬁwlsmléﬁ?lé%W@tﬁ%ﬁ%@lﬁﬁ%@;ﬂrmﬁaﬁmd@ﬂ%Iﬂ%
buffers reguifigdn R schlr iRl RIRM AL AN Rh i HPWTERAM Y GRNGBILHLRBS m&E the- J-
Mar ci nkovich, C. and K. O sen, "On the inplenmentation 300f perfectl

mat ched | ayeytdeqiyiony Althoagh gmgthamptingdy optangl spluderaesy ndreirtvy akthe bess Oé/ 4lhite

i 11 or ence iaseRedly L% AR TNAl . CROPHS) ChlboFEREARG Mz ) o
(2003). [0083]1In co%trast, he correlation wavefie és (corréiatlon

checkpoi nts) may be only _14 -



required on a |l ess dense grid in a subset of the full nodel volune and may
only include a 19 WO 2011/ 146161PCT/ US2011/ 028350 subset of the wavefield
conponentwQ 2andi4ay requires | ess nunerical precision. POT/USz@npbkssso i f
obtaining the P-P Inmage in RTMis the only goal for a specific application,
there may only be a need to correlate one wavefield (i.e. the pressure
conponent of the wavefield), even though nine conponents are used for
conputation. As another exanple, double 5precision nay be desired for
conput at i ometliods, Badas, sAnd grecasies onei Fierl sowrsdd serhf & reoalr wthout cayer estatlivon.

[ 0084] As CQEmé&HﬁQEerfe‘%ﬁ&Pr %%§0r9ﬁ§9n€nér9f ErdhfaP LigH in @hcJart h%hé B of Ae

particul ar application, the present techniques also provide for cal cul ating
an opti mal piratradeselopue mlénppg@mtmglaf hbde temmst & thheekgroiohths seend of drermebsant on

heck t rrb
checkpoi n ?nve}lt%neél%rﬁpdrﬁg%(nfﬁm ?gé {agﬁﬁstc:an éltg%(ﬁbe %r@ﬁ%@@{dﬁh%ﬁlﬁ&ﬂ Y$vch ma Iy

di stingui sh between ne e savi ngs ove
G i ewank t belhwi l:q:stetvaldmz}e &@@tt@ngmrﬁfeuad\ sdhythmomea $ahutmn e o&ES ki spedifiepanefionment

t hat |nclude such t s. gr.aphi cal 0 eSS|n uni_t nd
ol stat Sk Janial) Tl AR W PP ETIP PR Bt ool
(RAM) and dolskonst dhagems Acgyoslsh ngéryto mrphmgébn ﬂ)rhIQIOlfleMrea deyelhopéd ansi ng

this technol| o ortable and flexihle in changi ng conputer
15environn€hF§¥wq%%§ Oﬁﬁ??%@de ??HQPRXﬁEfE%blntlng strategy applies to

ti me-steppi t hod ener al an used or adj ai.nt
state grad.l‘itﬁférﬁonpu?gie? S PR g S e g B e Teti gt AT PRt or m
i nver sitOn, Fas cxiple, as séiomicrigvdging eorel donpdafivm cetl gr atséionic driov@we feprasntnot ed
above, the F Fsent technlques are not limted to RTMwhich is nerely 20used
as an exanpt'e, indhsigjage 448N i s nore clearly expl ained with respect to a

singl e sei sour cg, excitation, or "ex ment as illustrated in Fig
1 "P0086] FT@&]l bRy rRasgregre Tt Ml R e e S e ey o

single sei sihfec@XPerhdRal Ms@tatian@riBivd MRINERN for ldﬁarﬁ}@léorrﬁfbﬁﬁ@l \Améﬂimgn
exenpl ary enbodlnent of the Hresent technlques It will be undershgﬁ

one of ski MSERNERE feapenchafellertion Mgeragapryr a@flstlcz@lp%%ng?n ElaskpetPrishths Wil
be perfgr mgag gn@ntht he region of interest 100 to effectively inage the
subsurface structure. In the region of interest 100 showmn in Fig. 1, a salt

dorme 102 i gogespt r udimg”tRuerds fepRscht M6 EcohPdsiod Reeriid digs e A& dafilg dome
102 may be vertical or even inverted, for exanple, side 106, naking inmagi ng

by many teéﬁﬁPﬁL?@EVeﬂﬁ f Aceusfie enqrgngmitea dysth feiBivesowse magyPredospnaNiy s @ar bon

deposi ts, ?Hﬁﬁr@-%a@é or PBaveh nwhkd th%aaeaﬁtlc %Qer%‘ uRRERS rdMREtonUidRler@cd, ayer of
cap rock 1 | ocat ed above the salt done her deposits, such as oi

and or gas MEY&Isonwicise 4 prieleHodercanygEpE (o S&lé@ék\wﬂsa’mﬁ)g Ana wide the. g. |
side 166, Qf; &ia%va%gﬁéld Qﬁﬂﬁec{]‘g%he é&énlek 8&%%@95&% Q&H%wﬁe&éhd%w%?os't

116, may be ocate ayers of roc are nore renote fromthe
salt donme ZTFognts arising from arrival of P-waves may be referred to as PP events, since they involve

acoustic energy that is both emitted as a P-wave and recorded at the receiver as a P-wave.
Events arising from arrival of S-waves may be referred to as PS events, since they involve
acoustic energy that is emitted as a P-wave but underwent a mode conversion to an S-wave
25  upon reflection and is therefore recorded on the receiver as an S-wave. PP events occur more
prominently in vertical components of the acquired seismic data, whereas PS events appear

more prominently in the horizontal components of the acquired seismic data.

[0069] “P-wave” and “S-wave” are types of seismic waves that occur in the
subsurface. P waves are longitudinal compression waves that propagate with particle motion
30  perpendicular to the wavefronts as alternate compression and rarcfaction waves. P-wave
receivers are responsive to vertical particle motion with respect to the surface of the earth. S-
waves or shear waves are polarized parallel to the wavefronts and are classified as S™ waves

and as S” waves for isotopic media. In the context of this disclosure, for S™ waves, particle
- 15 -



WO 2011/ 146161PCT/ US2011/ 028350 [ 0088] A sei sm c experinent may be perforned
by pl aci ng one or nore sources 120 along the surface 104 of the region of

i nterest WOQodlw@agiwi t h one or nore receivers 122. | n emrbodiSeemnigs3seach of
the receivers 122 may be a three-dinensional or four dinmensional receiver
cables to detect both P-waves and S-waves. \Wen triggered, the source 120
creates 5 a pul se, which nay be conducted into the subsurface 124 as a wave
126. Al though the pul se wave 126 propagates in all directions, the

i || ustrati GIUOR iFhefizontal @1 &iplapp itfat gl transersevahpeecctte tihing ehpipfifcheThe
propagat i oR, @kt R&idAULS §Y %V@s 1%%9 t&é\”@c’éﬂﬁlaﬁ@%ﬁ al ﬂer&‘ﬁ&'@ul%o% thg) %Htpaﬁfclet he
energy of the pul se wave 126 reach e receivers 122 having not been
reflected fmrooan and payeitd 4 the lmetof profide: eSlepar waNes iggniof ame#@tb idhi ar Bad [bgcapsey ough
t he subsurf ei , I r
128. [ 0089 er?Jdtg nb %h(%apgtrén L _¥L§r&§ inilr(raélglnagré'% er"rmgéﬁ?"{'fls%av% b@cagée gfcﬁel yer
with di6femamﬁnmupéﬂanseﬂwsmmnﬁasnﬂgeuﬂmimﬁdwdmmyﬁmdaaexe&kéomedmmams 130
Pﬁ‘lyl Seng&gaféagr%c\}gerllt 05”351 th ffgl\@r\l/tepr n[)zagatlogh\%lorcel}tge:gea%tfe sq ég‘\ﬁ;and SI%W E%ng\gespaﬂrtlrllg or
conponent s trahdit thilveglr efnleﬁumadd mhehfﬂewlt balsnzsﬂwameecnomsphmmmess ot wbeS- waves
may be attenuated by rocks containing substantial concentrations of fluids,
for exanpl ¢007@pposi tP-¥ate expiiorsticat dodrpuiatsi the woslshobe df ecineid Qrayt.ehlvation. The
effective determ nati.on of atte on of, S-waves .may be useful.for
enhanci ng HEEEALy e iR Rl B RieS b et s G MR

| ayer sj0e. @xplotaf@k of thyamBottdiic thadctdiiolid Jfl sgicctsd r@dkcmrmiohydﬁ@cbaﬂ&@mnd

aqui fers, and the | er tec n| s oft en use t he

S ave 20 T BT T T BV S Retsti SR EaEREht s of
t he present stngkhtphvaies, both P-waves and S—vvaves are used for the imaging,

allowi ng the determ nation and quantification of Q attenuation. [0090] The

use of two{oery] wave ‘Gab&ivdrat iroasvitdd, RuMyaplhwsn et bedy @fdriRalks paferi@n the
det er m ned F portion of pul se wave_ 126 may not be

th
reflected At %Cﬁ@)f(gﬁrﬁa&h@%t 'atfne%th»élsg%mfeéraw flggfipns BEYlbWHWS froe sk dtratge

refractigd iNWaQurbhignt SAlthe #RNRUEOd alieal tigder FCdneHrivay @eledkd WY e taf aMBérobhr ough
the salt donme 102, prior to being refracted back towards the receivers 122,

as wave 134ocatigns allewhde meppingeErogk strae agproviderafonpationgbey e thickegss !

t echni ques ¢, SHERIAS oIt '&Q:Qf {trafd @5 AL 1QRrs) OF THY 95@%@”&3@@%@&1@ Qedi’)ﬂgne‘@’ay
wave equatl ons, may not be able to capture this anisotropy. t hese

t echni ques higpphenes viberion Wetsetarsotccgdoromstess By ilecs dtpetor @m@lﬂe a%aogure@}y
reflectors [046091 ltgg)a ll‘ﬁfd'é@‘%tt" rgﬁ%e b@%é‘sac% It}ﬁ'é(ee(ﬁlﬁleﬁs?&lai rgc%[{;%r ]nQa%f ’fOIand

the like. poses of sel sm ¢ i magi ng conputations, "the area
of i nt @Pestxane, riaye Melﬁrome@eajalpm ench of threee ydeneics e etgmiiae wbtion in all

2010/ 14610 10 (gt OBBSUBT Pl Eel P Gmnial e dpemipuat psyeryits,

allowing the amphqudet éettecnmad;uchek hﬁydropl’mae as simgnmde the mtexmntaloﬁatl’e\sa\tehalther
indicate the | es _are not ul ar grjds,
unst £ act ur SRV gnir TR EGBES B8 pe LGP R E Rk, LS
conput at i onabestesagstcdrirymaltckubsugfacd. i cant over head, as each conput atl onal
cell may contain location 5 information. Each conputational cell may
represeft, [01]72pont ai A, “reses@ird mrc“hyditoaarbal uegervbiratis hiafingls soai Iaatyedone (for

AT S T A R T R
cal cul at ed sérfie Q@@dﬂoﬁsﬁhl& niPay daded cDdiyren thlt&hd%g flofeleprivpesel f6s (0 0044 hato
TG AL I L BT S C o S
potential for production.
30  [0073] “Reservoir properties” and “Reservoir property values” are defined as
quantities representing physical attributes of rocks containing reservoir fluids. The term
“Reservoir properties” as used in this application includes both measurable and descriptive

attributes. Examples of measurable reservoir property values include impedance to p-waves,
- 16 -



10 conputational cell in which it originated. This technique can be used to
generate an i mage of the subsurface. The RTM process can be nore clearly
seen by eweroni/mgiea cross section of the area of intere®CTABR1AI08350t he
seism c source and receivers, as discussed in further detail with respect
to Fig. 2. [0092]Fig. 2 is a schematic 200 illustrating the operation of
reverse time mgration 15 (RTM, in accordance with an exenpl ary enbodi nent
of the present techni ques. Each of the conputational cells may be

i 11 ustr at edmelagsnutardvenaporestyl pepnmbility, ¢ wates criarEon. c aphdractypee density.
conput at i O'E‘%le@@é LB dgsgﬁpt’i%yreg@%lpﬁrotp% P 0ETHEREE FRiR nh%lo%? (Fo'?eex%ﬁbl%m c
data is collected or ed, but may Tepresent groups of | er vol umes
204 that hawalstoreer C@m@bﬁttn)eelnd g rownetpf-deposigoEH Dk W@S@wrpmomrtl@mmy be

conpl exity ggﬁy 1 pve the
accuracy o?oﬁﬂ%&?ﬁgor%te ePﬂé? ze 0 B%@@%ﬁ%ﬁ%ﬁ?o %n%?é%ores%‘%éh?gé di scussed
In greager il belo 0 n as] r C
experln%nt @@% rate‘é :%ﬁﬂ %%egﬁg é%ﬁ% 6& %ﬁﬁﬁ%gt?%% y5|€ﬂ
process usednmmwsgfdeckﬂnnmuwswshnMﬁkmaﬁugmmﬂwsDﬁéwaWQUbanmnuEKMmdes a
velocity el r a o f 25
Tmged. " Thar vel S o e oo FLaRRR Rl st BhAC iR o o BB, T
each of th@omsutmqioai gonairy cpdre soﬂ@ét;vnsumrumxsoﬁdmk: dnyc;lay, reptadaerteyerbmdlent he

l'i ke, which may b y_a wave atlon al orlt mto cal cul ate

veloci ty. antin e ogtidnut afetesPoBBar RN 208 BHEHhGHY, sfdl gBiteRiR

usual | yOf i manﬁ;efaﬂuréf@ﬂeﬁ@@tr@y aps exuﬂlqﬁ@&ffusnml e,lasﬁafiroba“ubl&ﬁﬁl_y In@luﬂdS opagahet a

pul se froma tlﬁgcat' f a s rce 08 into t subs rlf ace. 310 dlhscussed
her ei n, thlhgn VO belte ?“8?{‘}% Pfén%eonﬁdt)%l‘t? A& MR 8% W&t’ldSrV@“B%t & finer
tinescale hﬁgmem&ga@@m@uh@hmaﬂmhnag&ham%eg@yTh|s propagati on may provide an
approxi mation, as a function of time, of the energy that may be reflected

from each gegyspr f aceSephliest@nation” gs theswéqhelﬁsr&iegelﬁenta;e@cﬁ@c@f gaglitade bhe
receivers 212. Since the source mavefleld 214 tr vel s

2011/ 14616 FRESY USDTFISINO PRESH 1BF AT PasyFs dUlThaye rem gepuise dP“a‘SéT“éH)S%%“OD( XS,

X, t), 18hekgetkfall forces MRICIRHerind ﬁdﬂ{ﬁﬁfﬁyéﬂan%l@@ﬁbn ARBGIedrif REBRS Vi BEmiche

| ocation of the source, x is a vector in three-dinensional space

repr esent i §§Rlithé&ctosc@t S@lﬁm@faﬂawail%@eaf%ﬁ%y Syl sagygrdiops, |C@yaovamtw@d thin-
representi ngofife T (BAdiER RSt %EéursOftth ﬁl?pr@xee'nﬁam Ero@?&@@rb rﬂ%‘&éaséd sfatial 1O
represents the initial generation of the pul se vvaveg 95] Just as the
sour ce wavefnpling dfseismispdainteet) merswaraboth Pt andeS-tvevaes) may émmnll?umsﬁ’étnilcon of
the refl ecty t r r be

pr opagat o e (B R L S e et
unknowg0 r@harmmrizetmorpmpht:aélon@ Eremplecel weh epplicationFhaclideckweltads mdapagrat i on
can be perf e .

vaver el do 99Tt FuAE Bty BB R onc Ry TR IR RS ieafeetom,
gener ally ?ualminou:p\mahlds mahjnmyhelrrasylsme hiadielktead s@smbl(attsnuaxla;l mgy by diredtbr e xs
is a vector 1|tn thret%mdallbnie[ns cl)ana Space I epr %asmqr}ltll ??c; the ﬁca r|1on r%f at he
source, xR'78 %\ Vet BFr Y t Nifed- Hensondi"dPate T ept 8Nt i Ny THED chau on
of the r ecembedlmem i0$ the ptesehtaéchnrqubshrrm Iﬂiysﬁeﬂmodmmnag }ba«:embmpd edtkrédeng t he
| ocat i t he i mage point 216 IS ava resent the tine
from tRg sediesy i Aeb BnfSo@inSPhehi N e St e e BRERor e he
15dat a col k&etvb@pa@Mpefsi ment). [0096] The inmaging principle used in RTMis
that energy recorded by the receivers 212 at a tinme nust have reflected
froma | ocqe076n, e. g:ScishmiB@a fQuilditiod 1M cans Wiehschdidd, ptdiessBgung eccvmvfdrahed 214
was nonzero .and the back-propagated receiver wavefield 220 was nonzero at
the same prfopa§ataon tine t. Its abi I i ty to inage | ocations that have been

illum nate 20 overturned. ener t|n M from ot her

wave- equat ﬁl@?ﬁbased i §PEPICoME TgET | reC%Ed Sg F&rte’t"l ﬁéls?lffaﬁtg%é‘f §-%i ven
subsur Bace s¢iggRtahPNtde of abusalcgmy&ran@bn@tt a AhglX Ry (hllagylecamiulst ARgisRicaqtRaEA Y
that is nonzero when energy fromthe source that could have reflected from

x and r eac ﬁ%deﬁr??émr@%é‘élav%"f’ ft cells ©F B & CARHBIPUS MBI dhd eficed ¢ ihesel so

nonzero. RphiRl&! rehibdanOhilikife SN ANRBE i @r tt)n&i{a $0int R BY&DS 18cafi®h fn
ranges from8 to tmax. Mathematically, this can
question. For a three-dimensional or a four dimensional recelver a trace is collected for cach

-17 -



25expressed as the cross-correlation of the source wavefield 214 and

recei ver wavefield 220. /(x)=EE f D(xs, x,t)xU(xs,x,,x,t)dtEgn. 1 X, X, O

[ 0097] | n WEOr011l146164X) is the m grated i mage at subsurf a®eTiuse@Eiioesssx, e.g.,
i mage point 216. The weighting function in Eqn. 1 indicates that the source
wavefield 214 (D) is forward propagated along tine t, and the receiver
wavefield 220 (U nmay be backvvard propagated 30 fromfinal time tmax (thus,
the nane Reverse Time Mgration). The product of the two wavefields 214 and
220 (e.g., HmRsieRodscadingly rvidme eayly padersiond thapihe degbriqueragrsctipsil belop] 6
(x). Thi s 'aﬁpl?%@ac@@éoll@@tg&msa@l%f@& diREREdnO N )(S@e@e'?Q‘OIeﬁﬁgh&@c‘o?'eXIﬁﬁnahQ&Ei‘ﬁé on
xR The resulting - - /146161PCT/ US2011/ 028350 i mage may be
summed f or dejcripgauirceen foquses ecepingle tikescar ¢ashseceiserpr ovi de a final i mage.

[ 0098] The conputation of the imaging condition requires that the val ue of

t he sour ce [WEYET i el d'SeEmicadea’T eferd vera malidinaabigngd xgathe cavtainlr@blném@thnhe
sanme ti r ut

store ogg %Ptamﬁga%lig?llﬁ{esl It&(%éa{é%{ 9@&9{39@%5?@2‘ Wg ?m fecﬁ%&g&g) Ae[fl or all t
of i nt er esthré¢edigiension in thet serxi)c dafhmap répegsemalyeforsdlod O(f €aql. poirtt e spraee8ime.er
wayefield I d .t A t. u

wayefi el d %@r zf)x 1]%@% Sy gi’ Ql%po\gﬁerrr% g{g}?&l ?e%re%&lq t(%]llﬁtlg)cgtlén qu tl% 01nt 1It1’| grb %/ér?cﬁon

i mpracti calthe s1rfac<e adgr eatesedmsathedimddd)raa sefmcagealamulwﬁvbeo rremphnhedulﬁ‘nest ore
t he source vva |eId 214. ore, th ractlca appl i cation, of.

Foqui res. « FAPSHiE LS ARELS HES S AD R or G AR B e o

10[ 0099 Thehe Iiﬁillg&)eldw( thy sumdve rof the dastha ﬂh@@lﬁﬂﬂl(ﬁﬁheﬂs&mhbmat(rlx will,coftthin dt@@Kesent s
t he reflect|V|t f the ubsurface as.a ction 0Si ti The

For oot i vi 09ty S e OREenBRS ustel PGS b udaBEkndg s e 6 abi y.
However, a%llrﬁtﬁl@lob%a?&%ﬁesfeﬁwﬂyﬁal@mwldatat ther b ead o Adckddnina Waktlcuht pdigk if@RZer o

I mage vaI ues at any int where there is any correl ation between source and

recei ver waiyks }“él“élglgﬁ‘iﬁl siiogan asTeffsst gaRere OHRt Stacks) Hiely $391E stgieitetian

those 15 ¢orrespoNAufgy tatoht U@ekefl ections, e.g., inmage point 216, |eading
to i mge artifacts that appear as a Iowfrequency noi se superi nposed upon

the trys re¢sd7oft or s. «oisRiRAECth siRE0ER thOmostRORMION Fye bR S@sAL ihifvaE lafo
anong them | owcut filteri ngi application of Laplacian filters, etc, are

avai | abl e PeiorsH by dniipenge stogk oEYAat the Aarfitnweags @ melofing RAPHESY phe
full wave equali @RRs RRORGRREGs SO BN bdndl GHED hbenduRsty (AR AR

thus, it is a conputationally expensive mgration algorithm_ Prestack RTM
in which i fiefmatiehsal Thehotoflegticas weg dtoat regeqa veices fherchag dhange iBdboagoustic

comput at | ORAndeSASOLEN! oty IR A NGRES ui R Ll M aVEAL01 1

cost-effec e conmputing ust e Typi c us ers of many thousands of
mul ti - 80U moager ﬁlayeib@tlbmsnkedemgegehlérontsooﬁ wretvas.c dipuignalgrecdrded by .cadiach

shot to be gga LR & ng %)s §1!1c?1n§tdt Od an‘?p%tut%lg of ?X @ﬁgc%%né Rd 8 ) Hgt er

and the pr ocCl ensit area sur ound| ng
t he shot anoﬁhena’ e'%cda gmdappﬂo&mmnnmnlye raﬁ&monsadeaﬂttednbwmamoplme gomd fromdes.

The shot can. then be m qrated e for. kvvard sol yti.ons of
The vave oftial PE ket eehat Set By ey PRl the s sipE PRI uB hdheRR o
be sumred wetwed elsubdusceodndt bepbimeer Thusgrfat ed:rys Reitrgic dllEtuﬁﬂn(&X@‘thbt@l; yeach

embodi pnent of .t he sent te n an o atio 30 schene is. ed to
oaoul 250" aSonePr R S e SR Baa R e R rT B abeirtlBag. | s

di scussed l@eﬂe@w,aHnl@i@pﬁﬁh@rﬂﬁemﬁcsbﬂﬂhee:iruﬂ I st ate checkpoints (from which
either a correlation may be perforned or from which the propagation

operati on nengsope resamaghkturdiofiideliad grahinGiashkdach edliscat boeddighsqibydnddx (1, e dat a
needed for .the ¢ross- correlf%( i.on : : : -
in two dimensions or (i, J, k) in three dimensions. All cells of a structural grid have similar
shape and the same number of vertices, edges and faces. In this way, topological structure of
30  the grid (i.e., boundary and adjacency relationships between cells, faces, edges, and vertices)
is fully defined by the indexing (e.g., cell (i, j) is adjacent to cell (i+1, j)). The most
commonly used structured grids are Cartesian or radial in which each cell has four edges in

two dimensions or six faces in three dimensions. Structured grids typically are used with
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WO 2011/ 146161PCT/ US2011/ 028350 cal cul ation at a particular tinme), or a
conbi nation thereof The use of checkpointing nmakes the practical

i mpl enentwiDi2on/@616RTM f easi bl e. Further, checkpoi nting PSTAS20M1/028360

i nportant for enbodi nents that take into account inelastic propagation
effects ("Q') or conpute many wavefield conmponents such as both the
S-wavefield and the P-wavefield. 5[0101] The conputati onal nodel can be
divided into conputation cells 202, or snaller volumes 204. The spaci ng of
the conput &¢ipBisaktagelumss s such that there are several grid blocks per

m ni mum wavel ength. For typical nodels, the spacing may be about 25 neters.
Thus, with@yedés of regions of interest havi ng di nensi ons on the order of
tens of kiloneters, the nunber of grid cells in each dinmension nay be
several huh®f8¢l to rBr &nt fgmplerg dirtsehdhe THERSNt derdnigptsal 20n wREBAL of

conput at i OQHéckﬁ(ﬁhth% s%ﬁ’e%w’i@ﬁn@&nerft&r th@c)&@s@iﬁlglﬁshe%&%é?{ LB88 QA& Rid bisgn:  The
conput ati ons naY performed by runnlmgldwa inite-difference stencil over
e "

t he ent Pr e agropgletq fproprd srmulatianotigie theat 4 %ﬁheelnﬁbr@éfrqu\/%ﬁeﬁ@ﬂe@ regtgftitheed f or
model i ng t?waﬁmaQ%@ae £hiél m‘ﬁ@% fﬁlﬂ%%{) )ebérs%%t JA@ﬁwm Gor, TRNY

billions o ting poin operatl s can Formed at ea st ep.
15[ 0102] Thdoing qurmreldtugqua&umiam(arngrrﬁb@tloreclgckpomh)e stth@, tho techiigues glipingwshi onal

cell's 202, bgévez?m@lela%éefé/ ?ﬂe%ﬁ%?ngzs(?%agzecﬁpa&% cﬁ:t%lgr}&se gorlﬂ%hﬂgeg %s BP gtgllr%éat shown

in Egn. vinin 1's t
vel oci ty, fopmize shd hmctmaxqfnmm stateaqmtbn@‘yqlat@ncbhbthpemtsrmwm nﬁhe computatm‘nalpoi nts

28; nal lqgm.l SPSS Xpe%ﬁgélcgat?%wm }{1? el 1}{[*0 01 Ve 13 Era?sﬁts nal rlega& %hegkpgm%gg‘t%{rﬂ?g}/e

Ipr opag atSed n\l@\tﬁggle dtoth tweOtGdfcthteo to@érahreﬂ;ml’hi%d p}:fcehl sSf‘sﬁ]:a;fre‘ltfmsje tﬁnhesdbpgle v_er Ly
ar ge. el SIM C..da e [ alo en secondas e

ot o ar ot presn yRulh rud R i el Ralon (b alPisfiosd 45 i 1R BRULTE

meani ng t hahvieagknt @eeved ShoByhniqued u@en@lamfmﬁ&@&oﬁmﬁﬁecs@rmlrmx ingsayver ,
t he RTM wave-equati on. soluhlon nust b nputed on a puch finer ti

25step, gi VBhSHYNIE HBAGRAAPRHTAIRR WHFRY %uieéwg/ al(ycvitnjbegtb%lmpll?wn%@hmegﬁ? Bn
shown 1B E@Brrecldte o WrsOatk sHBAN ERAted in reverse time order, with a second data stream,

presented in forward time order.

[0082] Griewank checkpointing strategy does not involve saving correlation buffers.
Griewank saves only full state checkpoints. To be precise, Griewank uses the full state
checkpoint both for correlation and for restarting simulation. The technique disclosed herein
20  gains an advantage relative to the Griewank checkpointing strategy by taking advantage of
the fact that the storage required for performing a correlation can be lower, both in access
speed and storage size, than that required for storing a complete forward simulation state.
For example, a complete seismic data record may have nine components recorded: three
representing particle velocities in each of three dimensions; and six stress tensor fields, from
25  which information about P- waves and S-waves can be extracted. In a seismic forward
simulation, the full state checkpoints include all parameters and variables needed to restart
the computation of forward simulation time steps, which may require the saving of dense
grids of many waveficld components plus additional buffers required for the implementation
of boundary conditions. See, e.g., Marcinkovich, C. and K. Olsen, “On the implementation
30 of perfectly matched layers in a three-dimensional fourth-order velocity-stress finite

difference scheme,” 108 JOURNAL OF GEOPHYSICAL RESEARCH (No. B5) 2276 (2003).

[0083] In contrast, the correlation wavefields (correlation checkpoints) may be only

required on a less dense grid in a subset of the full model volume and may only include a
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In Egn. 3, k is a constant of order one that depends on the dinension and
the exact algorithmused. For exanple, k nay be 1/E for two-di nensional
equat i onswonol/146wmn t hr ee- di mensi onal equations. Furt hecT/us2emy24360 | ar ger
if the equations are higher order in tine or 30snmaller if the equations are
| ower order in time. For typical conditions, At - 0.5 nmsec, and, 25 WD
2011/ 146161PCT/ US2011/ 028350 thus, a ten-second total propagation tine
requires 20000 tinme steps. This indicates that each expensive time step
must be corfittedl Wier yarriisld epmpanentsypidh @poicguirey sieyigneegisal pregivign3 Fer can
be noted that,liber {iRifkhe AIRMEUALEOARTNE RSthe bisly ROARGY § {RBRL abRlicSHE theft®
doubling the maxi num frequency to be mgrated increases the conputational
cost by a fgtonly befa mped togjoprelete dhe twametioht @epthe prkiuld qopmpofens of haiwavétieliges i s
normal ly b e - 1.h i LS. | arge n e of
cost on fr gg%“eﬁh@ﬁ@fgh“ sgotn{cf; ogﬁyfgguﬁgwgcg%p%thgonfi nég’ %ng&lﬁe?%g%ﬁ@% gﬁ{ﬁgﬁ n

hi gh qual i pycisimagssy b§ AEG#{l FogcoBpvtitenabyr ade swglkl meeidiragr saedghtniongs-a

met hod for Cgerform' ng a reverse tine cross-correlation, such as RTM in

accor dance V\ﬁr?l'ﬁloélh exenpl ary enbodi rent of the 10 present techniques. In

this enbodi , the i t (o) 2 W .the, initi.alijzation
of a rever ééﬁ? f e m%féq%?pﬁ%ﬁ% Ef?ﬁ»rg%gore?%ﬁ%ﬁ%n&lﬁlﬁ%gé,e'g'f é?‘“}él)%gdn% Pg%ﬂn 131/1512
setting al lapgehtidns therpredest techmgmey abwp@vido faecabculating lbh opmBh]anambadpai nt
wavefield can be initialized, for e I by. setting the adj oL nt vefield
oot oh a S aRe UL Bk F ity oh o RA AR e RS o b b AR B S 06,
t he opttl 0 P:‘J metsd:nm(edhgiqaési cltmmlgﬁi@lﬁ Bsﬁr@iﬂ mgmcﬂ&ﬂff@pﬁidrﬁpeefwéﬂdeﬂﬁls,hﬁa@dﬁnglrs ofvuibl
state bu s can be .cal cul ated. .The optinal tine ]ocatjons a e

cal cul at ed BEPBRK (OIS MY BERENEIANbARPBD edfgachisplevirnseny Higt BeRgs use
in later sisqah tainongics b RAPLiINradisdigniniveaurl eddsoma stk gink Bevesaksm) af ed at
a first tine_step # as shown at block 308. The first tine step j.. my

cor r espond e 2 Hadifipnehrangeraacdess mereory (RayMappbisk gragg. gegeontingly, gpplication

det er m nat isOfwdrs dERAPe A 8siAPthWEhRSIO A mEP bVBEEhb Rl BleRibicQR cliAbfng Coyitst s for
time step j. . 20 If the correlation buffer exists, either as an independent

correl 3Pi OSNEFBERPSI nt, or as part of a full state checkpoint, process flow
proceeds to block 312. |If at block 310, it is determned that a correl ation
buf f er doed0®8t exi stheaeriyedhertingd ghegkrqinting ssrigpy popliet wimerftepiist Bedodo t he

steps show, bihefal 9 ThdBrob® iC@h Bdl REE 1 iR SBRSBENedt REAPIEEIOR RgRA & ed
with the forwardly propagating source excitation wavefield necessary to do

the corr el dpingriineg-damiss ful] weveerap invesjop1 @Al 2bifercievase fimetisphamigratiend in
the correl @f Q0. b fgLq h%@,%@@ge%&tftécﬁlﬁ?qaesdﬁ& %Q@&;ﬁit?{s toSR PUEFhERTVRER LY

simul ation states 314, contained In a storage unit (such as a nenory “or
hard dePveypseds ableaohplg 16rein. hNRTHok waralclsirmdxatainsd wirhvespee|tel a singleescismic

cross-corr%lﬁ,&e Cy\gtfoﬂt(lghgxpaegh% Iatsm}/sggtieﬁﬂ&%éq{ time step j, wherein the

results are sunme a‘correfation vo within the correlation imge.

The correl g i ma . ner : e S
. §8[ | "BYs & RERRELLY BERY 160l &5
E*ci,,T,), c,[l‘svgne]rjel n g@g s the ™ 853_9%2”@1& |ronrl dpersatl , ﬁnglecfegrr?%f c.the
correl ati orxpenfrgntrat & dmdsetygetmaft, inhechudhiceseitir e cexupligt ¢narodueene forf ehed
state si , _which is. expr ss%as ci. = Si). .correl ation
operat or T. é){:e,selnﬁ)tecl(l:lglﬂu?seplr? S1le £ ugderrr%?oed lg))( one) of s];tﬂFm 6 Taft it A large number of
seismic experiments will be performed over the region of interest 100 to effectively image the
subsurface structure. In the region of interest 100 shown in Fig. 1, a salt dome 102 is

protruding towards the surface 104. The sides of the salt dome 102 may be vertical or even

inverted, for example, side 106, making imaging by many techniques difficult.

[0087] The salt dome 102 may trap hydrocarbon deposits, such as oil 108, in oil sands
30  or porous rock under a layer of cap rock 110, located above the salt dome 102. Other
deposits, such as oil and or gas 112, may be located in layers of rock 114 along the side, e.g.,
side 106, of the salt dome 102. Still other hydrocarbons, such as deposit 116, may be located

in layers of rock 118 that are more remote from the salt dome 102.
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- 26 - WD 2011/ 146161PCT/ US2011/ 028350 general operator than just a sinple
mat hemati cal cross-correlation for sonme applications. The inportant feature
is that tWooopesstior requires the subset of the forwar@C3iusadiaorssno st at e
ci and the adjoint state Ti at the same tinme step j as input. [0107] At

bl ock 318, the adj oi nt wavefield may be back- propagated one-step 5backward
intinme, i.e., | j-1. Then anot her sequence of (n+l) adjoint states Ti
may be generat ed vvlth termnal and n %rocedure calls 7 at Ti that are

gener at ed 4888} di ng 4 sciypicexperinientmay be gerformeh B plaging pag at Barer sopieet hd

recorded t LRGE The s’ﬁ‘ffa&l PGk f %Qegbn OPMtcR&t 100 Q@lfgr \@1%5%6(9’m(ﬁ'@gecel%rs l?bﬁ)chl 322,

a determ nation may made as to whether the adjolint propagation is
finished. kmbpdmentpr @@bs>§ thd teaeivass U2 gnayobehd dirke-@08ntionat ontouubmensianhle next

time 10st ep. ., 2108l f, &ttecglogtﬁ If’—\%%\%s aﬁd@ w@géso'\ﬂﬂenp[ﬁg tHeQBures 134 ajeaﬁ&ed

process flow proceeds to whi ch vario post - processing and
out put 6t epsm]rmywlbdl pey bmoméulctedfmto tbq:rmbdmrfmﬂﬂ% asrvawa\aerlé6u éttiough tg@mémt e
sei sm c i mge sin incl.u f.or. I

SoboRur f ncSAER 12 O ARR i B EEE3H e T AR S 1[N RIRIR G LB RO
may be convkow edlyttbe pmbh@ﬁbm ofithengilse vgatHEo6 30Wa:td§ the la dbmnabzl rfr’age)f the
Further, filteri cal cul at.i,pns ma ed to decreas i se, such
ro L Ern hensEy A PR ad Bt R B B OE T hE et B BES ERSE IR By
326, wher eisirfedait, dnst@pfias@ptatdlandiatily heoigheigaubsiracy Pdtto aie rédedesd 22 The
dat a rgBre entation nﬁé i ncl u?ﬁgean i mge of a sub-set of the results. For
exanpl [ Orseé?@i’llf“’casl getge out put may i ncI ude only reflection angle

at hers’ odi pent s ner. at i n dat a represe on na
oo ot AOL, o0 VST IR R AT B B Bt 87 o ) fecariet S b Rt

i magi ng, nhﬁl@edam SilcA Gk tRPAN b N2 NB B PREYOTIMEEay K gener fbA the Hald
seismc i mag However ., one_of ordi nary skill in the art wll recognjize
that the priéSehbe reblesipd yaws 3% manbe Pafiiior SHlYBOdSEORYAME] 6 g hiIPiRgE Pay be

used for aRaveHEDBhvOS-watN@mpdohdid. atf iRNenddnatwse 36 he:08-GLal@ddngd oﬁéﬁ/b@ftlda
simul ation data with data 2%”0 jected in a reverse-tinme order Fi g.

3B i s d5pr ScEyss Mpaywbd piEgHE é’ﬁd\ﬂﬁlﬁgcoémllfb?&vé‘ﬂtﬁtam*@pf&@‘aﬁtnirétﬁpnéfOfat[‘% o el d

for a reve@;%ﬁnglé n@epgglp%a comgelaa&ﬂugnon hﬁya&&%ﬁ@&@ a%&ulaném LR MR Ve
enbodi ment of present techniques. Thé steps I1n Fig. 3B may be executed

if no corr életatrinoﬁlomﬁf & pttengatiop 1o S-wavep max foe Jgqdul fa erﬁia@@kg degccurdrs ofdivee
equations faémﬁﬁﬁaéﬂ%‘ﬁ’ﬁwmgkﬁ%ﬁhgﬁ Q% 3&&{?%3191%%1%‘??8’18 /8. dube,9r i d.

The propagation or me ence o states si
starting whvﬁrosa@bmmqnlfm,médml&ec@nInBleIf 1naﬂgmg|teqhh!auesa1f®ngem@ﬂzaﬂ®d° aecor di ng

to sif 26Si )reﬂec&‘(’)ng ‘for thp?mé?gﬁnogp al%%évgﬂ inogxekllﬂ%ryt Q&W&en%(gf t&l@bie%}lt Pe%hrﬁ&ﬁes,
both P-waves and S-waves are used for the imaging, allowing the determination and

quantification of Q attenuation.

[0090] The use of two-way wave calculations in RTM allows other effects to be
determined. For example, a portion of the pulse wave 126 may not be reflected at the surface

25  of the salt dome 102, but may, instead, be refracted into the salt dome 102. The refracted
wave 132 may travel through the salt dome 102, prior to being refracted back towards the
receivers 122, as wave 134, by another surface of the salt dome 102. Simpler imaging
techniques, such as Kirchhoff migration, or migrations based on one-way wave equations,
may not be able to capture this anisotropy. Thus, these techniques may miss components of

30  the subsurface 124, such as steep reflectors (side 106), refractive subsurface layers (salt dome
102), and the like.

[0091] For purposes of the seismic imaging computations, the area of interest 102

may be divided into a three-dimensional grid of computational cells. In seismic calculations,
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WO 2011/ 146161PCT/ US2011/ 028350 [0110] As indicated in the equations above,
the receiver wavefield can be propagated backwards in tine and
cross-corwelatiedewtt each conputational cell (x) with thecrarseand283se tine
simul ati on of a source wavefield. This neans that the forward-in-tine
source simnulation nust be accessed in reversed time order. Since storing
all of the forward in tinme points for a 5 cross-correlation nmay not be
feasible, due to nenory and access time limtations, at block 330, forward
si mul at i on theagresk VBl gpaeraliv be apegidar gridy dlpving thg gpmpufatiqnpheclls tepe assigged to

di scussed RgLGinfes HIEHRIGR! WRGaSodTUTAL LRRiYAY el fbidinEaNoheAansidesed
checkpoints that contain correlation buffers for the cross-correlfation with
t he rever sendararqdr ojnautdtiona]l Eesbes oRy tigeusehe clitpoivat, sunstiuctired dempiatamal314
may be a f t | Nt J r . .

pr opagat i olrllﬂecls:lﬁclﬁ%)gta ?%g%hgl{rahgncfv;?ﬂ%b(g%gl }élg Qgglpﬁtg %llttdfgélna%agcioﬁ%fnnt}& ﬁtéoend for
det er m he tiferncatioss Eedr qopipatatiom] a¢ll mapagprésent] @rconiame a stigpic data Wwihoekthd32,

t he source wavefield my.he gpagat.ed. one-step forward. in time. At block
336, "o det SRR et S PR RL BTk oy SRR okl Ressd

fini shed. Mdfrecidhs of tevmipmace &dstst mchho kw328 ot H-waoew nnydctdakulbakdduleath on.

| , . et to block 312 (Fig. t which th - | ati
< “15 readHEc o vHBmEr Redion OBt Hen D o ptingilol ey R 2 Or

checkpoi nt infigrafiér0 pagsssatmPledC khe3 0@ )ceaindMiredetvet @o @dceiafeuh | refiéctibe wiktealkpoi nt s
versus qnly correl ati gn C .eﬁkpo.i nts isf di Sﬁussed el gﬂg. ﬁ%Olll | n_exenpl ary
enmbodi nent §°‘8P“t?tfPé‘§]p°re dnpypich dorignglsds This toghmgs cag e Jedungticmisayreshilde to
i mprove t heneChiBGiag. MTHNUTMIMP6RS%Scan B8 thodé ElcatSefel By tnifihg € YRSt QdtidDof
follow. Specifically, that each full state checkpoints requires the sane
anmount of ARsAsEatapGrestsi0Dealang the jeiymic sougeAnddeeycony HPrSeo i Bdekiséitht c,
requires tlg\gths,@%;gct@(;rpi%‘r@. of menory of size C. In addition, that each
procedure call requires the sane anmount of computation effort 1, and that
there is ngpgepput atiigm &ff QhbmdRr209Li(16stralin®the Gperatid & l)eyera_éqﬁn@gﬂ%rﬁﬂi&lnal
menory requirenment during the process of 91(0,()1 c, =p(si), f or 7, is not
consi ddPed (REMY. i pcaorlenceatid 40 eemplapyagmitodinet ofitho preprat toehibgiesk Each of the
checkpoi nti;pgpabdRALEYs AR BERRISERES o REpIRABLY cEIRDob e the khcRAUE 260, f Hikd

state checkpoint (the variable S) 1s identical to that required to save the
i nf or mat i ogompeetnalaells d0pawmnetrbg ske mimimenn aize on whidhehe/seismap tlaa §)cotlented he

i magi ng st pm: I i ] tq :

vel oci ty-st(:% ?glsoggédr’%aga ge%és%nst%f)ge@%gf%%rl %)?an%ﬂ}sg%(ﬁé?%%ﬁg@ﬁ%ﬁlcgl%ge% f%reed to
correl at e pragdurtesasp istcongutefioral ¢onydenpiyn@ntzraéd fparempitaioncooeiample, 80 and
stress,nThi Ly i e t at | f . .9, |If
ver focfPy HaPEREYE RSy BRES RS 3 JRLOOUT b MGl RartoBE 2% BB IR
may i ncr eageatey dambbdier. f actor of two or three near the boundary of the
earth nodel. Thus, propagation of waves may take WO

2011/ 146161009F] US20 1Ih/a028i8 50rnp IRAM: troats aachismiemgr dxgderithertt sépaeatln gndmmigrizes

per f or med Qn gatCﬁar %grlatg{igl. %ori atlh? case er e, CorLr eIAat' on ca .alzscgh be
done on everey ot her® slénp S EQ/%r)Poscﬁ%ﬁ?Sg Qiensifon ™ tREVE &8 a1k hg ‘Sic
rati o woul digogthai giiilizes b fvelpciemada ROAOY tlicnwiveeraragatncetdcey af therurat Iegngray be
sacrifi,gced.b toring.a.co d correlation checkpoint, the C.ratio
can be2Bnc ittt B BiHaPEE RS et S B S Tapirierc b A

ment i oned Remputiviibidcdne 202 Isthétods ®dsityd gapdaatce! sdythelide, tWwitchShEy batdca byeeded

for this algorithm Therefore, indeed, ther& could pbe a substanti al
di f f er ence “3&t RoBsEaGOLp{gorim & Galeplaieyglogitypad disectiphal edeh migration is very

conput ational |y expensi ve, the present technpi ques.. provi de a supstanti al
decrease i rﬂ&)%}vmut at’r SEY PTB%%athﬁg%pltll@xlﬁpgBﬁﬂﬂ@-dﬂﬁ%&wPf RCHIRSBOHEY (en S
and C. 10The W&t tdBlopsdaicdt §@Ye VI QUbcAIBARIYa Sounst 2@ i tHOdbRrtake t iy e i's

no memyry constraint, then the optinmal strategy (in_the sense of |east
conput &Pi odiserspest hyrelo iy My brePaiferard asingrepmnuiagopal weells that are on a finer

timescale than the computational cells 202. This propagation may provide an approximation,
as a function of time, of the energy that may be reflected from each subsurface reflector, e.g.,

saltdome 210, and recorded at the receivers 212. Since the source wavefield 214 travels
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ci = p(si), Store ci 15si(si ) g =9i(p(sn),K) For i=n-1,1 f+i(si+i g =g +
93.(c Ti) 20[0114]In this strategy, the total nenory cost is (n-1)C and the
total forwenrdicaesputati on effort is n (the total forwar@Ctarsputaesssn ef f ort
is 2n-1 assum ng each adjoint step requires the sane effort as a forward
step). It may be noted that the correlation at state zero is ignored, since
state O usually corresponds to zero wavefields for reverse tinme mgration
applications. However, the techniques described herein can be easily
nmodi fi ed t oripBEydoHRYESTEMROPlabded 5l (kak, WWavherd lits vectqyin yqerflipppsional
di scussi on ¢t gl Qitind BR REARN Gthd (Burch) x TB% HL1HSE ANk dhfREBIANaldhe
conputation effort or cost for correlating n states (state 1 to state n)
under nenorgpreseryerthd locatiin af pntimhge rearf @164 andridy a yelug sepigyedting bg timp&ordj oi nt
state nis . St . Al i %py;@ ion
tlkerE?aWof tl?ensg%sﬁﬁtlcaéx%e@ ghq'azea t(\)’\@¥1%sé?1% tﬁgﬁﬂ}é\g%&gra S8 g% ;‘}Lg v 5

Wi th no conputation effort, 5? el ther Tesetting rything ero or

| oadi ngzst fro 1.ch..i : fter. co Lon,

t he adj (5)i n?ﬁ @ts gt e amu ggjg%?ﬁr%t gcﬁ?é’ft gv * e?‘}egp Bssggﬁ)%%ag%lt i%gal?f ﬁlaglmgdﬁgglé{%ltﬁ iaget ate
0). WO 201lyniingibe 1HCHE WSOy, 0RB88BO tfa0ds1B]3tecoided at theercpmyeat 2oh nmobep( n, M

is used herein to represent.the c tation eff for.correlati n_states
under  menorirRede PERLERCI st So SBITRGE She Hhiidh q dnele? R B B Wilhofln®

st ori ng onlrsflechor @liath itothe abeokpdl 18t She backwands ragegatidrecad Ul desfolnardgey @and

there is sufficient menpry to |d all of t Cc el atj on checkpoints in
appr opr © at AU FEREOTEVRFL iy e tatho e eS 220 g b GUARE M IR Ty
11/ 1 (n0- 1)xd&eiverlhevediplds 7RO gahdraltye@yveMipartE Mdyymep Bs tidbaiedtas (R X&) knt),
general, in_one sweep of conputation, n, =1+ Al | correl.ation buffers may
be hel d i n“EiroEys @ Yeolr IreeLimensiony ipase r?iFeSS‘E}P‘rgéPgPF%Wg 0§§’§§P‘HF% *yiven
menory M arect6oihrtelealdinginsiohtdl fspace Stesehiing Mt Socat&LEHe kdtaived, Reis huredb an cal |
to f does not put a constraint on ) ) ) )
three-dimensional space representing the location of the image point 216, and t is a value
representing the time from the start of the seismic experiment (tmax represents the end of the

15  data collection experiment).

[0096] The imaging principle used in RTM is that energy recorded by the receivers
212 at a time must have reflected from a location, e.g., image point 216, such that the source
wavefield 214 was nonzero and the back-propagated receiver wavefield 220 was nonzero at
the same propagation time t. Its ability to image locations that have been illuminated by

20  overturned energy distinguishes RTM from other wave-equation based migration algorithms.

To compute the image at a given subsurface location x, for a given shot at xg, there must be a
quantity that is nonzero when energy from the source that could have reflected from x and
reached the receivers at a time t when a received wavefield is also nonzero. The total time of
the experiment is tm S0 the event time t ranges from 0 to ty.c. Mathematically, this can be

25  expressed as the cross-correlation of the source wavefield 214 and receiver wavefield 220.

I(x)zzzTD(xS,x,t)xU(xS,xR,x,tMt Eqn. 1

T x5 0
[0097] In Eqn. 1, /¢x) is the migrated image at subsurface location x, e.g., image point
216. The weighting function in Eqn. 1 indicates that the source wavefield 214 (D) is forward
propagated along time t, and the receiver wavefield 220 (U) may be backward propagated
30 from final time ty. (thus, the name Reverse Time Migration). The product of the two
wavefields 214 and 220 (e.g., the cross-correlation) may be summed at each image point 216

(x). This is done for each source location xs and each receiver location xg. The resulting
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10 menory or that the state buffer results fromthe forward sinulation may
be used to performthe correlation. Therefore, the conputation required

whi | e sawogotiossiiati on buffers but w thout checkpoi nt iPag/tusng11f/0e83%@r d
simul ati on states can be cal cul ated by the fornula showmn in Egn. 4. 15

n, =1+11/ 11C, t =nlnc,r =n-tnc t(t +1) no cp(n,11/1)-2 nc+rx(t+1)
for /IVI < (n-1)CEgn. 4 In Egs. 4, t = the nunber of sweeps to do using
all ne correlation buffers, and r = remainder = the nunber of correlations
to do on t HBagedaay tﬁég@mﬁﬁé‘ﬁ@lléﬁ‘ﬂy@ gdgegepicplecionhtorsoade ¢ fieal #pageel at i on
buffers are used. Note that if r is equal to zero, then this last partial
pass does h¥98heed tHhersempaigion ofithaimsging cprditipidenutcs it thaaplup af thgpouree  and

ot her sim 'w%ef?e‘?&'@fl& %Hc‘fmede%ﬁ%%i?eﬁd tzbﬂ%fe' £allsblM 9L thel OtceAle Af ThORNI
point arithmetic. 20[0118] Fig. IS a schematic diagramillustrating the

m ni mum comwglﬁfqrwwélape#oﬁ@r W0u1§|h¢g0 gomghte ad stose emeekiboiwnvehalds ( me.. ithidex k,
I n accosdangg %&ﬁﬁ%ﬁﬂg%y 2B TR Gl LB ﬁt@ of, e, pregen esgmgﬁgt{gg dld an

optim zation goal assunmed herein is t ni mZation o usi ng one
checkpoi nt r&@Reawavdfivkl 20¢pold thehdre domputeﬂemd@mmmﬂeﬂwaﬁl ‘é\b ewrd@wawﬁebmd

above t! me, ?Jl R WQV%F rﬁislosggrf g%%rtgls§&§8@ ]sl lljgc?galt a?deapgf dat (f' oi nt

checkpoi nt gcatl on tlnb
st eppi ng newded Ward tbemeqlstedptol nae abs skurte twaveﬁeldl‘ Re4. neﬁmrqfotavehel m’acttea]

ddbSdt t 402 of .the stat t
ndex k. ¥ﬁgv ST aT S PE o woate s mbSonss St LS BBl ©1 e
z;gpgl qg ?6(1(9?11(1' CeSTO }n(ljage }(x)ADwgre'_bg(li lf/cat{&:tlig {L:%tora(% 3ha relppesel:zn nthe5 add
2011/ 146161eFfEEFﬁ\hJ$2dIJtHd Qﬂb&ﬁrfﬁﬁe kus tiietion &posithnalTihewslctovitynik marga @i logptiddsn, M

one. checkpdithte 4 "ugEEbretonpieip B e Bop e pearat o Mool dhaREVn -
J(n, M = m aigbdtn{ Will ¢l honARoimAgElkes 4t diry boint where there is any correlation between
source and receiver wavefields 214 and 220. This may occur at locations other than those
15  corresponding to true reflections, e.g., image point 216, leading to image artifacts that appear
as a low-frequency noise superimposed upon the true reflectors. A number of methods for
removing these artifacts, among them low-cut filtering, application of Laplacian filters, etc,

are available for this purpose.

[0100] As mentioned previously, RTM uses the full wave equation to propagate
20  energy through the subsurface and, thus, it is a computationally expensive migration
algorithm. Prestack RTM, in which individual shots are migrated separately, has only
become computationally feasible in the last few years, due to the advent of cost-effective
computing clusters. Typically, clusters of many thousands of multi-CPU nodes may be
linked together to form a computing cluster. Each shot to be migrated can be assigned to a
25 set of nodes in the cluster, and the property models (velocity, density, etc) for the arca
surrounding the shot can be read into the memory associated with the assigned nodes. The
shot can then be migrated, using the forward and backward solutions of the wave equation
described above and the result can be stored on disk to be summed with results of the other
migrated shots. In an exemplary embodiment of the present techniques, an optimization
30 scheme is used to calculate a tradeoff between computer memory and computational
overhead. As discussed below, this scheme may store full state checkpoints (from which
cither a correlation may be performed or from which the propagation operation may be

resumed), correlation checkpoints (including only the data needed for the cross-correlation

-4 -



[add one cp (n,M,k)]} Egn. 6 5[0119]As can be seen in the above

formul ation, the nenory constraint size is always changing in units of S
and t her evanetiardciont egr al nunber of checkpoi nt state buPCe&ns2013/024350 nenory
equal to nsS. The nmenory associated with the nc correlation buffers is
equal to (ncl)C. The total nmenory associated with the conbination of both
checkpoint state buffers and correlation buffers is showmn in Egn. 7. 10n , S
+ (nc -1)C MEgn. 7 In an exenpl ary enbodi nent, the above equation is

i terativel yalsdrticacpt agafticnldr Amaliver cembingiiniherest. fide use adicelaginyngbiaken si ze
and menory o Bl limplAREANE 98 REV: Rabfe S ERAAR! feclbAATR blchughiAt i ng
the tine steps at which full state or correlation checkpoints may be
stored, i nimpatendsncenbgidithengsx thap kede yinte raseelingreralastic pPEopagatiohectisete JEQY) or

t echni ques, L = i | Gotht ( L ONLEP ppts 502
may be st or Sie FARERa g HpH Al boni SR S LAMMEPTRAARE © Doy,
for anygca Y81 ng apRo 00 ShESKRRIT MY 4Refer 63 St ak.gs 6peckpoi nt,
t here ig a?@Qrfespon&%ngﬁﬁgggot%atQﬁ%é@ ﬁ%tmggggéd?r%%ﬂ%%%ﬁ C e%kgdiﬁfs

bef or e f ul smgiatveluotre @Rpoilhe spachigtofitly @mputastal gellsef fsuahi thatttherk preFiegerab A,

t he cost 506.t h i [ st n - el at | on, checkpoi n 8. hefpare the
state 20 c%gg£%§%§?&gﬁﬁn§ Kw%gﬁg4%'g§%r §%§&ﬁ%§BOE§€ gﬁg%%§N%g?b$ﬁégiost
of the cor mektat.i Dimscivel hpdelntos régds ofimtdyest dxpngespedsias ch thnordeR of tehd ofal | vy,

the cost 5 to reach the end,ti step,.512.fromthe full state checkpoint
504 oy bo apreleft Bt of 24 Rl R RaT R R iRl o dbatR 1w S
case stor esn®i¢hdasdntier shusethorigtabniiibdr Ft@bpuatieck @eisn202504dy ak, sorRamploe st ep
k, as illustrated in Fig. , then the total co tation effort . be

G ven | n Earach g e biin, e cbiFron i thypeS IR oy TR ERle SBRO 1] | n
Fig. 5B, tRen&psterSthd chfirer &% Mnaorfd b Shau GbBeskRatlntddilfiat rkuned dan be
expressed as J=J(k-1-nc, M. The cost 518 to reach the first of nc

correl at i ofUREEKBIVHS 8608 b el I9EEiaEoRah &b Rt iTherelore pnagy billippgypf ¢ he

full stat e ek Bperdids cABdE REResRAtel sep. J=J(n-k, M S). Thus, in a
case in which no correlation checkpoints 30are stored before the full state

checkpapnt {@l:b@] t he TiRt8uic@BRYtREINNE Qe dif SNR¥BohputddRal MR 202, or
2011/ 146161PCT/ US2011/ 028350 9. EJ= k+n, +2+ J(k-I1-n"M+ An-k,M-S).Eqn. 9
[0122] As camaliss veluaws B eebercomiiicdusiphiic formulpriowB i@ 8, the | atter case
is at |east as good as the previous case (which stores correlation
checkpoints before a full state 5chgggggiﬂi). Therefore, in exg&gbary
enbodi nents, only the |atter case needy,fdvbe considered.

In Eqn. 2 is the minimum velocity, f,

max

s Viin is the maximum frequency, and N is the number

of points per minimum wavelength, which may be about 5-10 points. This spacing, or

20  smaller, may avoid the introduction of numerical dispersion into the propagated waveficld.

[0103] The total number of time steps may also be very large. Seismic data are

recorded for a total time of about ten seconds. The data are typically stored with a sample

interval of 2-4 milliseconds, meaning that each trace 218 may include about 2500-5000

samples. However, the RTM wave-equation solution must be computed on a much finer time
25  step, given by the Courant-Friedrichs-Levy (CFL) stability condition shown in Eqn. 3.

At < kﬂ Eqn. 3
1%

In Eqn. 3, k is a constant of order one that depends on the dimension and the exact algorithm

used. For example, k may be | for two-dimensional equations or / for three-
P vbe Vi 1 V3

dimensional equations. Further, £ may be larger if the equations are higher order in time or

30  smaller if the equations arc lower order in time. For typical conditions, At ~ 0.5 msec, and,
-5



Opti mal checkpoi nting versus Giewank checkpointing [0123] The storage ratio
(S/C) of full state checkpoints to correl ation checkpoints may often be
around 10vot2bhugi4ételi s provi des a convenient ratio to usecrars2aionpsse ng t he
10 conputational effort for optimal checkpointing, described herein, to

G i ewank checkpointing. In Table 1, below, n provides the nunber of tine
steps required for the forward and adjoint conputations. The columm | abel ed
"ideal" provides the conputational cost for tine-stepping to enable

correl at i ofhusf2 tehseqond (3! dprendertion jtisierequichrd PO tapesstens. dRSapdisatesihEsechwher e
menory 1s Q!{ﬁeﬂgibé Hllng:_ g@ﬁi nﬁllglleoecé_gﬁl uted Vérp?namf ﬁh@@ﬂﬁé%&b,%sin%%n&@laﬂg@ it

| abel ed " G i'ewank checkpoi nting” assunes that ns=M'$ state buffers are
avai | abl e &md bagotsdr thel tiei total ehrmpkptsinal sosarise pppediondte Cok utndoubbag dep

"optimal c ﬁggi i ng- . i i | :State
checkpointgﬁgn c%%%%ﬁ%f@gﬁﬂglécgﬂgﬁ% SBf?%%h%gﬁgﬁ%gﬁggg?2§E§ng$o$ﬁ%%

cal cul abed thpyintanmetmlatifyoofofeishhie inGrgee wamkmelbyrpettcatwhen the feduescydbanddetth by t he
Opti mal checkpojnting results, a rovides .t he du 0ssi bl e wi this
ow ot hod "o e dig b5 e o Ok RS L OB RO S e RSkt g
strategy. [obthidighvpabtyseeyat i ons may be nmade fromthe results in Table 1.
First, that by exploiting the difference between state buffer and

correl ati ofi0lodf f er, Hipe3A oraqqudabd ovaldiagfafioshbwigra hahsdedupathrmingrat dredrse
actual appl.cation of

this optiJml checkpointi.ng strat r ires_sone
ot e- comput AESTOTS PRI Retotsef T PoFaalsy Villouever A am i S et i on
effort 10s 2bneagltt@inhjues. c aNMAEK ednbsdinkent, e tpadcats caNpPagimat Glocefi0erwith mhe
applications.such as. reverse tinme m tion and gradi ent conputation.
[0125] Fur ¢ RBFIZFRon g TEvery: dpmsamigfaion HY P caefipa s 7 ey e Bp & L ormron
Li nux cl usteitsapie imaid @hgm®fo z3rdD At@RkS64 taniEjoiMt §addficdncmddligltigined espond
to the line with 4000 tinme steps, 10 state buffers and M=100 where the

rati o (spe&teryatHing e raelaglﬁwvaﬁ%.to foetcl a3ppeeilsipingicld rab theompegemy $20

mllion conytadie BMSt €N WEUKKIOBY RXG MY BInY¥ 106 RVRF S®rihé PRecRpAh@bifRR, then
t he economic value of this algorithmchange woul d be on the order of $5.6

m |1 oA9i nandieral sete yftstsar bosrlculapgd. S pptmalitgnPeTyios2ma rleebasicuitdal

comput at i ongly ®frfiRNidg h&EQmMIBIiGh, EnddbRl M A abHea!lus Gl IBARKAGEKPOI Nti ng
Opti mal Checkpointing Ratio n=55, 2 state buffers (M=20)

[0105] The adjoint wavefield may then be calculated at a first time step j, as shown at
block 308. The first time step j may correspond to the final time in the simulation. At block
310, a determination is made as to whether a forward correlation buffer exists for time step ;.
20  If the correlation buffer exists, either as an independent correlation checkpoint, or as part of a
full state checkpoint, process flow proceeds to block 312. If at block 310, it is determined
that a correlation buffer does not exist at a particular time step j, flow may proceed to the
steps shown in Fig. 3B to calculate the necessary information associated with the forwardly

propagating source excitation wavefield necessary to do the correlation at this time step.

25 [0106] At block 312, the wavefield in the correlation buffer is accessed from a
database of stored forward simulation states 314, contained in a storage unit (such as a
memory or hard drive). At block 316, the forward simulation wavefield state is cross-
correlated with the adjoint wavefield for time step j, wherein the results are summed into a
correlation volume within the correlation image. The correlation image may then be

30  generated by the formula: g= Zn:‘ﬁ(cl.jl.), wherein R is the "cross-correlation” operation,

=0

and ¢, is the correlation information subset of the full source excitation wavefield state s,,

which is expressed asc, = p(s;). The correlation operator R(c,,s,)can represent a more
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109 264 156 1.6923 n=1000, 2 state buffers (M=20) 1999 13171 9901 1.3303
n=1000, 10 state buffers (M=100) 1999 4548 3392 1.3408 n=2000, 10 state

buf fers (Wb200)148899 10184 7545 1. 3501 n=4000, 10 st at e PowftiSer13/0¢83sd.00)

7999 22184 17311 1.2815

general operator than just a simple mathematical cross-correlation for some applications. The
important feature is that this operator requires the subset of the forward simulation state ¢;

and the adjoint state 5, at the same time step j as input.

[0107] At block 318, the adjoint wavefield may be back-propagated one-step

5 Dbackward in time, i.e., j = j-1. Then another sequence of (nt+1) adjoint states 5, may be
generated with terminal 5, and n procedure calls Z at s, that are generated according to

5., < £.(5), e.g., back-propagated from the recorded traces. At block 320, j may be

decremented, and, at block 322, a determination may be made as to whether the adjoint
propagation is finished. If not, process flow returns to block 308 to continue at the next time

10  step.

[0108] If at block 322, the adjoint propagation is finished, process flow proceeds to
block 324, at which various post-processing and output steps may be performed. For
embodiments that are used to generate seismic images, such post-processing may include, for
example, forming sub-surface offset gathers from the migrated points. The offset gathers
15 may be converted to reflection angle gathers to form a final image. Further, filtering
calculations may be implemented to decrease noise, such as a Laplacian algorithm, as
discussed above. The process ends at block 326, wherein a data representation of the image
is output or stored. The data representation may include an image of a sub-set of the results.
For example, in seismic imaging, the output may include only reflection angle gathers. In
20  other embodiments, generating the data representation may include other steps to form a
complete image. For example, in seismic imaging, mute and stack operations may be
performed to generate a full seismic image. However, one of ordinary skill in the art will
recognize that the present techniques are not limited to seismic imaging, and may be used for
any number of other simulations that cross-correlate forward simulation data with data

25  projected in a reverse-time order.

[0109] Fig. 3B is a process flow diagram showing a forward propagation of a
wavefield for a reverse time cross-correlation, in accordance with an exemplary embodiment
of the present techniques. The steps in Fig. 3B may be executed if no correlation buffer is
found at block 310. At block 328, the wave equations for the forward simulation may be
30 propagated across the grid. The propagation may be performed by taking a sequence of

(nt+1) states s,starting with s,and n procedure calls f, at s, that are generated according to

s.,, < f.(s,), e.g., the propagation of the forward excitation pulse.
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n=1000, 100st at ebuf fers (M=1000) 1999 2898 1999 1.4497
n=2000, 100st at ebuffers (M=1000) 3999 5898 4998 1.1801

n=4000, 10Wwet2atielaefsier s (M=1000) 7999 11898 11025 1. 0792PCTAisk@102838psts for
Opti mal Checkpoi nting versus Gi ewank Checkpointing [0126]Figs. 6A-C are
schematic diagrans illustrating the operation of the Giewank and optinma
checkpointing schenes for a sinplified sinulation having 55 tine steps, in
accordance with exenplary enbodi nents of the present techniques. For each
of the 5 &¥dfples, Anhiadiseiadarthepquptienssborgs thegpepiviehwarrfisiihtan & Pawbaggse
space (20) phlRf i HIR anll Poss Bkt Lk %§maut£ﬁdn§rﬂ@ak(xykmﬁl&9@wvmgn-
strategy having a cost J of 210 for the case of

(i.e., no doresendetiomie h@trkq)‘@mﬁsl}l This gnea%hatlﬂlqu@twaad@snm S@mq snmulatlon
checkp0|nt| t g

S'2 10, i AR P S Ylfled afie Bl Shod AR Arfurd il fofid ys =

f or t heS5caswmssforrelatiopspayMot bQ(ﬁ;as@le; d@g toSmemdiy and access time limitations, at block

330, forward simulation waveficlds 314 can be stored for various time steps, as discussed

148

herein. These forward simulation wavefields can be considered checkpoints that contain
correlation buffers for the cross-correlation with the reverse data projection. Each of the
checkpoints in the database 314 may be a full state checkpoint, which may be used to restart a
10  propagation calculation, or only a smaller correlation checkpoint used for determine the
cross-correlation at a particular time step. At block 332, the source wavefield may be
propagated one-step forward in time. At block 336, a determination is made as to whether
the forward propagation is finished. If not, flow proceeds to block 328 to continue the
calculation. If so, flow returns to block 312 (Fig. 3(A)) at which the cross-correlation is
15  resumed. The determination of the time steps (e.g., the checkpointing process at block 306)

at which to save full state checkpoints versus only correlation checkpoints is discussed below.

[0111] In exemplary embodiments of the present techniques, a number of
assumptions are made to improve the checkpointing process, and are used in the discussion to

follow. Specifically, that each full state checkpoints, requires the same amount of memory
20  ofsize S. Further, that each correlation checkpoint ¢, requires the same amount of memory of
size C. In addition, that each procedure call f, requires the same amount of computation

effort 1, and that there is no computation effort for ‘R(c,,s;) or ¢, = p(s,). The additional

memory requirement during the process of R(c,,5,),¢, = p(s,), f, or f, is not considered part

of the memory constraint.

25 [0112] The Griewank checkpointing strategy assumes that the memory required to
save a full state checkpoint (the variable S) is identical to that required to save the
information necessary to do a cross-correlation (the variable C) for the imaging step. For
example, if a reverse time migration based on velocity-stress propagators is being performed,
there may only be a need to correlate pressure, instead of all components of particle velocity

30  and stress. This can easily increase the ratio of S/C to 4 or even up to 9. If perfectly matched
layer (PML) boundary conditions are used, the S/C ratio may increase by another factor of

two or three near the boundary of the earth model. Thus, propagation of waves may take
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10 (mddle). In a Giewank checkpointing algorithm shown in Fig. 6A only
full states (indicated by horizontal |ines) are saved, allowi ng a conplete
restart oWVotzha/gswpagati on al gorithm from each saved st aCe/Uskoriopsss@at i on,
the algorithmperfornms nmultiple iterations of the forward sinulation. For
exanple, in a first run 602, full states are saved during the forward
propagation of the excitation pulse at tinme step 35 (606) and at tine step
50 (604). 15 This fully utilizes the available memory M = 20. The al gorithm
t hen advan®se pPpeiEiedrigr bipdgaging may ibswedomipd angr ¢qaprer g pFgsthe aghe peiefcor ns
the cross- egrugidldpliyivt Rodhe BARKYREASHPIARRAY SphtPBlchabel s amiflle
recei vers. Then the backwards propagated wavefield is run backward in tine
one time stSépratio wauidebostighy H4omThecufagy wathd crosopatsiation stemenae be ededififed by
restored ats1io ih c§1!n ssg(ﬁ) cc(rpeg%ioﬁré ec ﬁéégt?&%%/(t} Qat%o'cgf?ggn%{%agﬁ’ %ﬂgthé tor .
cross-correlatron 1's agaln pertor . Thi s procedure 1s rgpeate or tine
st eps 58, $2{w& 1Thea¥id retheccogongitamegivngd hqgye wooldriednultplied todethef tol Yield that e
checkpoi nt 4 tself a i step,. 50 £604). . WO, 2011/ 146161PCT/ /028350
ot oceeds it naeftse Tl Heflinde R ndR K (R ER e

rel eased mbomreyn iSs anbdad fGiverstthati mgersch@akpddptt snifraton tid werys t@ppudbioa8G6) ,

such as a checkpoint at ti step 45 (608). The checkpoint.at tine.step 45
(608) "1 s SRS th b FaSq e A BRIt PG, LReaty 1 K BOgR R
wher ei n at oeatikudtblyreplsitiap thetdiferéee bervderp$ aphgat ed wavefiel d is cross
correlated 5 with the backwards propagated wavefield fromthe receiver.
After tibe anesmimOki@b@twithoui Bemloneorssuirg the full state checkpoint at tine
step 45 (608), the nenory is rel eased, and used for another checkpoint at
time step 401186610) . IThierpisometeimeryi Sonkefpeatien thendbptimdl Reategy0as tieosened at | on
has been perforned for fﬁléfb tiﬁ[iTE ﬁtera. It may be noted that the spacing
bet ween che@RPFGMRI@ILe OHid Pofsid!Aaki g. 6A; in the first sweep for
exanpl e, the chlgckp@i gts are at 10 50, 45, 41, 38 and 36, rather than for
exanpl e 50, 45, "%d ald 36. This is because the nunbers shown in the draw ng
were determned to be -opkinsbreisi Ng an optim zation algorithm (Giewank
optim zation in the case of Fig. 6A), whereas other possible choices of
checkpdbnt | ocati,on ffay or may not be optinmal. Although the anount of
menory utilized is_decreased, it can be seen that the anount of

cal cui ations is8suBst@nts al | y increased. Since the anmpbunt of 15 nenory and
the access tinegfqr the menory are often limting, the procedure may
substantially inmprove’ the running time, making the full RTM feasible.
However, the nunber ofgal€yl,ati ons and anmount of menory used in Giewank
checkpointing may still be problematic for conplex seismc imaging

cal cul ati ons, such ag=RMMi({.6228]In an exenpl ary enbodi nent of the present

t echni gyes, di stinct types qf checkpoi nt.s are.saye a |l state
chockpaln: 1998E, wht o e i o o EOREETRLluS Qi (B ol Bl Wt

Cr 0Ss- cor r ebaputativnnatfortoie np@tef totamelyard rdmputatial éfénrt Back peiuming tehet adjoihty
hol ds the wavefi el d data gtxgeded {or he cross-ﬁgrrel aﬁti ﬁ{g Tgli S nmay, provide
si gni fi cant'°B&HEfTY L pype SR AriBh HAEY RERBFY el caulAiiedt Staife

oEti rmlh m?Iza"oyisw‘ghéré(zaiiﬁdﬁn?tﬁthm/\msﬂaﬂy ::doﬂ_esrﬁﬁdslgﬁayliérﬁ_swﬂnteﬁblﬂsi I/ﬂf k@ﬁ@s&md o
that the nmenory used to hold a correl ation checkpoint is t he size

of the nenﬁt}l%raﬁ%%? 1gAtiBt: dHawwraltﬁ%%h%q%ﬁé%%elalafidrherelrr FAnt By ‘?Slg’o‘ﬁlﬂ fiFGW, far
fewer byl | ssdommh@bicdBnbBitABYaREcageded. As used in Fig. 6C, longer |ines
indicate full state checkpoints while shorter lines indicate correlation
checkpoi nt $9118r i Ng 1@ thd disdusdidHoltBlIH, She RutioR Sl ) Sdafbb alddad rdpuRef iz 1 S
started fromthe zero point 614. During the full sirmulation run 612, a

corr el at i onowpeeatigpaifiort of oest tacpetlatingonstiges bere)l tostagaveddatmeway yorptiint  f r om
time step 0,.35.(616 i t L hus ting, .t J |
remory M = Mol 30 b ARy e d MR AR GG YRl BRLR

corr el at i ote ravbanebduriop compgiten voh noaentphetioméfrrtrhy eidrer rsettomnévarytiadg ton t he
forward.sinul ation data jtself The cross-correl.ati may t hen r.f or med
w t et 2 bR ab  BnE B LR ek PGS Gl Br 8 Al B0 B REfAChece
poi nts. Onceatectdiedjcihosse ¢ o used @hdtead off st adjiflsetedd. for time steps 55 to 35, a
second run 620 of the full sinmulation WO 2011/146161PCT/ US2011/028350 is
performed fromthe zero time step. During the second run 620 of the full
simmul ation, a correlation checkpoint isygaved at every tinme step fromtine
step 14 (622) to tine step 33 (624), again exhausting M= 20. The
cross-correlation is repeated at each of these tine steps using the
correlation checkpoint at that time step, and then the procedure is
repeated for a 5 third run 626 of the full simulation. As can be seen, for
equal resources, the optinmal checkpointing strategy provides a substanti al
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amount of nmenory as in 6A and 6B, but with a 5 to 1 relationship in size
between a full state 20 checkpoint and a correlation checkpoint. The
procedur ewp20gemereal |y the sane as in 6B, but a full staCe/ush@aclpsssnt 628
is saved during a first full simulation run 630. During the first ful
simulation run, correl ation checkpoints are saved between tinme step 49
(632) and tinme step 54 (634). The cross-correlation may then be perforned
at time step 55, and then with each of the val ues between tine steps 54 and
49. The full9118] nul atFuwther the nosatior pbat,&d M ripased iheeinstogppresest he coBmP@tianhr ee
nore tines, as |nd|cated by reference nunber 636, and the cross-correlation
is run at GHEW fof GG N BHES BT YICPOTY cestiaigh M tHGRt PripgEny (pIf state

si mul ati on chdMsoiR38: &r o 6By EEGkIAHAMeHbAGoRARH.O Ik ki¥Ecad GRereWItif large and
cross-correl ations performed for each of the saved correlation chéckpoints.

As can be $wEhisfwineCmepry Pdrolhpld ohiyeoprlatrigehcrigwing Bpppproprigaibpffea7 f or
this situa I at 209 forward wave
propaga?loﬁhgggﬁﬁag@ﬁy%ﬁ%§%%vgn ﬂ%‘kgopﬁ%gﬁggafoﬁgl]The opti mal
checkp0|nt|ng t echnol ogy may provi de between 10 percent to over 400 percent
speedup for!’ WW”MéW’?%’é”lé”a’f’?’i’wc@WéVﬁnk checkpoi nting strategy, depending
on the conputer hardware environnent and problemsize for a given RTM WO
2011/ 146161HAT) us2011y FpE3BAN KPD ISW%eé’t plospmppiptiohet, =t ¥ /¢h éenz%eﬂ%t puftgrs
strategy discuys e herein i.s nat correl ati ons t y be
used for camydrRIERGRO it A s PRt oL RuP b neERBRGRb iR Bhind™
state, as I&&yelh&)nnﬁﬁéleﬂze\l@.t'hhls mm&eﬁthﬁt@hesﬁmmolﬁ\bhll oy fadtice nbt puoapeisadinosis and
some aytomatic dif Entia igp forn&l 3&%}3 .Figs. 7A-C are schematic

di agrans cOHPERY Ayt %tht ERPGi DM PRG S roglghf AP TOBERY BRY 8 USperie fgriorm
checkpoi nt iiegcorh@fioR PAStefsFt, ahe comp@sio ﬂaqulﬁaarﬁpmtea@awm@ doftblati®N 6@Fers but
Cross- correlatlon with a current state in forward utation

accor dance WihPH BERpNERS AR ey atigy Ste‘ﬁ%ca&rt&céml ”@é&mlileq%egula By 7A

i | l'ustratesy gggyandard correlation condition, while Fig. 7B illustrates a
standard correlation condition in addition to a shifted correlation 10
condition, for exanple, whepy unnjng resepyoir simulations in which past
conditions influence current conditions Fig. ﬂgzukl sts Ates t he
application of the othnauon¢gﬁgﬁi%;ungqsxnategy fo case h&girdg 12

st eps, § menory of 6, andin which C'=2and S =3. In Figs. 7A-C, an
upward ‘arrow 702 represents forward conputation and a downward arrow 704
represent s aBqad] ©F it nehBRHALNE&Ps tEddusingl Al MObrEdIatioa IbuFers Gt ¢ W iBihngiddat- a
previous tinme step 15 influences val ues calculated at a later tine step. A
hori zont al tliz awhisee atfi correlatiomswo 76 ont elpr BsEepdss vehest amgar gdorcion roelnahé ofi the
condition and a diagonal bi-direction arrow 708 represents a shifted

corr el at i ogoEdsepintbugfars apusedh elNote ghap dlrds pavel teaatoathen fhiselast partinbpasedenngt a

full state checkpoj nt mnth ze S, and a, dott d horlzont | line 712

repr esent s "CUCBOF IPRE i ALY ‘&‘BHF“HEOOQ\AO\PHI@% 210 PR EEuHey nteger
appllcatlons or sone of the gradi ent
conputatloﬁnapwhgmfﬁaﬁy em“ﬁ Omnﬁﬁmguan%n?%d to correlate the correspondi ng
st at es20i . 0118y = ENlig.14 su a, SC‘ﬁlem)ttlcaélag’amvmustnatan the miAJmunHouvemeatjonalneffone
Feservor T STTG Al SAE) T Ao s of BB BHPTer e et
state but alespretdne mhmgﬁdaorlfn@ sptahieat{on. goal agsumeE[I@ﬂenﬂ.@Sthe,Min)mrtatib]nZof( s ,

Ti 1 i = h. i Fig.. 7B.. | 1 t
Lechmi ave Hadlyarfiant Srkiim b o ome e Bubhy & TRorRact s2habie Bt he
latter casgp@s tgﬁé@%i‘nﬁ@f@ ?dk foRwdrh gteps7 &n ﬂeoésg(ﬂd %@?lt@ %rkth@éﬂp@i'ﬂt R)@aﬁotﬁeplﬁ’spt i mal

checkp0|nt|ng strategy he way describ C provides a m ni mum
menor y 28se J(HoWévefor thetﬁré@fqr\wwn@ﬁdjemt ﬁtemmmg nmd%dr for u@édtepumcbces ktdite ol at i ng

h d
the 2] of nirsueialheh it i Ralcpd orschuay B! Bl dhno GORIEL AR B oAl Bl

) in storage, and correlating the adj oint
wayefi el d mﬁphmEXdofﬂwhanmohh@mdEﬁbﬂﬂﬂ6@vdx@gé#WM¢hnéamawlbewbﬁmpmgﬂﬁ

under st ood ilpd¥ce§9@(?)%—9%0&1[&90692191,%93%%5&91{ {n%q%t g-on

J (M, Ky=k+Jn—k,M-S)+J(k-1,M) Eqn. 5

add _one _cp
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WO 2011/ 146161PCT/ US2011/ 028350 probl em as a chain-reverse problem

Enbodi nents of the present techniques nmay provide a nore efficient way to
reverse awohaim4émiicul ati on that correl ates results fromCa/uSormessso
simulation with results froma backward, or adjoint, sinulation, e.g., a
reversed chain. It can be applied for standard cross-correl ation as
illustrated in Figure 7A. It can also be applied to 5 nodified

cross-correlation as illustrated in Figure 7B and nore detail in Figure 7C
Ot her cr os$ugkatr Bimto Blowe dpraminimiEggnay. M) sardpethe frestrictip that Hisreyis ecitbert no
techni que s ong as,the inplenentation is S n, Usi a _reversed. chain.
Ext onsi on SHetRARGREd frat <eiloek e He s g F Bl MR aG R
different agcess speeds [0135]In addition to allowing for the storage of
either full state checkpoints or 10 correlation checkpoints, exenplary
enbodi nents of the presgpiechiniiguesroan aliso, opti haehe stegage of
checkpoi nts based on the speed of the stordge available. In present

conputi Bg 26199| t eCt UKE&n VelsednSin GRMFBVL fofmhl@UR, 1 IntdnrecdnevahisiRfis ahveysage
with different access rates. For exanple, conputatlons,na%/be éerforned on
gr aphi cal ShaeBedP Agitunl ¥ eng tossyre g8 iHeerHambpUrhegping sfte Julisisestwith

storage), Qfenioy Edth TBART Vhe H6hdY oSdoplafd Hithkh BRI blatiBN ButtrSK cdRItOFAGE
(the slowest storage). To sinplify the explanation of this conce

t, two
| evel s of diGr Gepetorrhinemeryassigiad, wigh ¢he coraimpntipa b bgthgherkgpigkstate bqf%aq gl

det er m ni ng t-hgi AR kRLs Gbwhid By hon of checkpoints, two assunptions may be
made. First, 1t can be assuned that the fast storage with size /1/IF

requirgg a cost of WF, WF for wjting gFul} state checkpoing or, a
correla?ion checkpoi nt, respectivéL%f@gngxg_g%cost of RsF,Rc, F 9dﬂ r eadi ng

a full st ate athkeakfay dmbodingnt Alig’ §80at lequntioh &C k@atiivrly, soleslipe dindvehymerkedr t her ,
it can be assune tgat #he S| ow st ragg (Fﬁth size M5) requires cost Ws,
PT/,"' for WIPESTET adestpd Problemeizead RISBPRt o8P correl ati on checkpoi nt,

respectivel y,_and cost s,Rcs for . reading a full state chec i or a
Correl at off 2Bk por fEs TeBRELHeIBrYE dREeRATETBE e il S Souiibat hat

t he conput afateastadorrehfi@ ¢hebigfoiry Bhy b gtorsdy inSdcabr@ardce witheexb@plarySérR@irhéntone,
the 25full state checkpoint is of size S, and the correlation checkpoint is
of sizd°C. of BTt fRchiAues o Fieramale, 4S3BOwy I F1E MRS RUIAKSGACHEOHET YHeYas

shown in E@R.stoddd beldte a0Rs kiafcidhbipBiht 804 hiend &b £SiHRvQbr, ERQNG ARG 4 S the
m ni mrum of the three choices |isted on the.ruggt hand side. 1.ino

. (n, 1 VI F, Msyrrglatiomgheckpying heforgianfulisigte) geakppigt: theye st somiexnopding cpagy that dpres
+ es+J* (k- LodddeRorrbiish) Jﬂecllﬁjzoilmsllgéfére il stat%%h@k’fioixﬁ‘s"‘c‘t{\ﬁsis F0RAM s efficient. In

Fig. SA, the cost 506 to reach the first of #n_ correlation checkpoints 508 before the state
20  checkpoint 504 at & can be expressed as J =J(k—1-n,,M) . The cost of the correlation
checkpoints 508 can be expressed as J =n,+2 . Finally, the cost 510 to reach the end time
step 512 from the full state checkpoint 504 may be represented as J =J(n—k,M -S —n,C).
Based on these, if the optimal case stores #_ buffers before a full state checkpoint 504 at some

time step k, as illustrated in Fig. SA, then the total computation effort may be given in Eqn. &.
25 Y J=k+n +2+J(k—-1-n, M)+ J(n—k,M -8 —n,C) Eqn. 8

[0121] In Fig. 5B, the cost 514 to reach a full state checkpoint 516 at & —#_can be

expressed as J=J(k—1-n,M). The cost 518 to reach the first of n, correlation

checkpoints 520 stored before the end time step 522, from the full state checkpoint 516, may

be represented as J =J(rn—k,M —S). Thus, in a case in which no correlation checkpoints

30  are stored before the full state checkpoint 516, the total computation effort is shown in Eqn.
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n-k,F ,A s

, Rs

R J* (k -LIMIF ,IVISAl '-'cS k=1, WO

2011/ 146161PCT/ US2011/ 028350 Egn. 10 In Egn. 10, * can be replaced with F
or S to iwoOieatewmet her the starting checkpoint is in Pastusseion2gpeo or sl ow

storage. Thus,

JF (n,MF ,Ms5) is the cost of cross-correlating n states with

M- fast storage and Ms slow storage for the case in which the first state
in fast storage (i.e. b5if the first state needs to be recovered for

ion, that information is in fast storage). The term Js(n, M/, Ms),
is simlar%xcept that the first state in slow storage jnFo ) and JnSo

reconput at

cp(n,mF

follow the sane definitions

with the constraint tha}, hokful b 2st dke lchecpoi/i skad e Sl | owedEand, t hus,
only correl ation checkpoints are stored. In addition, it can be noted that
RcF or R ug@d2f or t hgs EetsBer B 1Y ifdtnul@o 566 Bads. & d hintdatted Bash i@ Seast
instead of RsF or Rss , because even though a full state checkpoint is in
storage, off \EoPhas dBg PEIVAUS s (Vg siwist Fasrslasipn theckpeinfs befereed dHbdtafsoi nt

i s readsif chOgp R POSRerBreN @k KONPIGST BhbodifiEntS &Y dhd Miter FHANEUEs hMbesS May
depend on the actual 1nplenmentation cost of recovering a correlation buffer
of a storedomsifleredst at e checkpoint. [0138] The conputation of the cost
function,j.9 (nl MFAIMS), is nore corrglicated n* cp 15than for the explicit

form of JO Qup(mal dredhppmying vaiss drriepwat

per f or med

usi n

ji (weF ReF)0%23

* + J" 0
buffers we
10

15

20

25

30

iy

eheghpeindigr age case. However, it may be
a simlar recursion technique, as shown in Egn. 11. ni
RsFile storage ey r(St)pof, fnll sjatEghecknointpny icemelajon) chegepgingsi ¢ +R

¢! be” arbdhdE é'ﬂ%lijs;'thi% gﬂﬂf&el ,aacroﬁvernrb%t AINALE ruSfoOICQJIﬁIﬁhﬂé N

to use. T ormulation is

computational effort for optimal checkpointing, described herein, to Griewank checkpointing.
In Table 1, below, n provides the number of time steps required for the forward and adjoint
computations. The column labeled “ideal” provides the computational cost for time-stepping
to enable correlation of the forward and adjoint simulations in an environment where memory
is plentiful and the cost is the minimum possible. The column labeled “Griewank
checkpointing” assumes that n,=M/S state buffers are available and no correlation
checkpoints are used. The column labeled “optimal checkpointing” shows the results
obtained using both full state checkpoints and correlation checkpoints. The column labeled
“ratio” is calculated by the ratio of the Griewank computation results divided by the Optimal
checkpointing results, and provides the speedup possible with this new method compared to

using only the Griewank optimal checkpointing strategy.

[0124] Two observations may be made from the results in Table 1. First, that by
exploiting the difference between state buffer and correlation buffer, the computational effort
can be reduced. Further, actual application of this optimal checkpointing strategy requires
some pre-computation to find the optimal strategy. However, the pre-computation effort is
negligible compared with the total computation effort in applications such as reverse time

migration and gradient computation.

[0125] Further, it may be noted that typical parameters that apply to common Linux
cluster applications of 3-D reverse time migration could correspond to the line with 4000
time steps, 10 state buffers and M=100 where the ratio (speed increase) is roughly 1.28. If a
company were to have a $20 million computer system working exclusively on reverse time
migration, then the economic value of this algorithm change would be on the order of $5.6
million in increased production.
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simplified by not expressing the fact that n-1 -i-j > 0. Mreover, for the
case that n-1 -i-j =0, 20 the second line in the m ni mum equati on would
not be cowmoted/@amesinore. As di scussed further bel ow, J, POTASEOLINES3SME) can
be explicitly evaluated instead of relying on the above recursive

formul ation. [0139] The results of determ ning optimal checkpoints in
storage having two different access speeds are shown in Figs. 8 and 9.
For the exanple shown in Figs 8 and 9 the cost of 25accessipg fast genory
i s assunekbtalgomputptiqngl fforte. © W ehleal ReF [HRieymnk RsfOptigia) f or | Betipl i city of
expl anat|i @pwaHPWaViRen: t he t echnil ques desc¢licBlintiiag eiheckopititg| any

irrpl enmentations havi ng a non-zefQ access cost to fast st Qorage Eurther, a

| ong horlwéﬁ{?aﬁtatPP?i@r$@6T%§ents a0t ul | st#te checkpddht, a shpt-69%or i ont al

i ne r eprESHAT S AR RO CNEGHPOT T, (<Fnf any 1oy Mavi ngl egjzamond at
the end lis_stored in sl ow nmenor WO 2011/146161PCT/ US2011/0P8350

[ 0140] Fi gglo%lﬁsta‘ieé)uﬁelﬁél}vﬁa-ﬂ@(li diler ams [i45H8st rat i ng3¥ nunber | bB4Ei t uat i ons
i n which 1{42 O(ﬁrf@'s't& b‘ﬂffeﬂs%ﬁLl d Eb@?"’ MeNOfYgd S Var16gys WhiTe ThesErorage

space usle each type of checkpoint rprml ns thelsame, in accaordance with

exenpl arynﬂéﬂ%df)ﬁfémbyffélﬁ(Mﬁé()(bre%?ﬂ teciiilges. | n|H7Yd. 8A-E| L2HS speed
for the SIORHTETHRY T §,@SSHIRGs| ol SWIHHES = V5T 150f355 = Of Zg44gHe anmount

of stor A%1-1BAGE each type o checkpoi nt| uses is assuned to bg C=S x 2

(rmat chi ng_t he iewank assunption). In Hig. 8A the amount of | nenmory ijs M-
= 3 and |vs28Q), | A0@B, StMeF bufferand®¥s = 3.580K 8C, M|BI28 2 and Ms1&N2 . |In
8D, MF =(Ml=lﬁﬂ® Ms =0 . Finally, in 8| MF =3 and Ms =20. As can be |seen

in Figs. tHE,an y of St € pres canm_tray
substant % ggoong%% tﬁgﬂght2%%% of tﬁeg%ptlnllg?§on For gggﬁ%le in
Fi gs. 8C t he ampunt of total starage is the sanme, but|the
differenceThwcétGWﬁgbr@p@@d(BadgmﬁmagdﬂﬁmeﬁﬁﬂmekChmmhénmmiained optima
checkpointing strategy. [0141] Generally, the costs for accessing storage
(i.e. timel91@6] 1 10) E/i/gd I6Ad(E fafeeschémasiediiagrm iilheragng the @perandmoofitht Gowarkkor
exanpl e, S orage d.far ul | .
15checkp0|%’{l&i t%n%’eghsu rﬁﬁ |£% esg@%%feﬂﬂﬁﬁgsu?%atmhé%” §§%%w6%%?elhtion
checkpoi nt acamrdah& cdthecxSnipiars whbbdintehal d)fythgrprasear techaiqusS. [FOd42dhFbfshe 9A-E

are schematic diagrans,ill.ustratin i tuat in which t he
Aot plpn e SRRt AP L R reRioreh bR AP kD ERE 6 o
for a co (r]I I élatratena GhHewdnhahadkpoiatiigaraad havifiglh toss I af H odbetk poat bf n =51 kr ee,
in accor ance

=20, \é/l PO (i.e., no correlation checkpoints). Fig. 6B illustrates an optimal checkpointing
strategy with J = 102 for the case of n =55, M =20, C =1, S = 10. Fig. 6C illustrates an

optimal checkpointing strategy with J = 148 for the case of n =55, M =20, C=2,S =10

10  (middle). In a Griewank checkpointing algorithm, shown in Fig. 6A, only full states
(indicated by horizontal lines) are saved, allowing a complete restart of the propagation
algorithm from each saved state. In operation, the algorithm performs multiple iterations of
the forward simulation. For example, in a first run 602, full states are saved during the
forward propagation of the excitation pulse at time step 35 (606) and at time step 50 (604).

15  This fully utilizes the available memory M = 20. The algorithm then advances forward
propagation time steps to time step 55 and performs the cross-correlation with the backwards
propagated wavefield from the receivers. Then the backwards propagated wavefield is run
backward in time one time step to time step 54. The forward propagation wavefield is
restored at time step 50 (64) and advanced to time step 54, and the cross-correlation is again

20  performed. This procedure is repeated for time steps 53, 52, 51, and the correlation is
performed using the full state checkpoint itself at time step 50 (604).

[0127] The memory used for time step 50 is then released, and the cross-correlation
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20exenpl ary enbodi nents of the present techniques. Thus, in Figs. 9A-E, W-
Rcs =1.0, wss Rss 1.5, C=2, and S =3. In Fig. 9A the anmount of nenory
is MF =woand/i¥s16t O . In 9B, MF =2 and Ms = 3. | n 9CpCchuS261122835@ M s
=12 . In 9D, MF =14 and s = 0 . Finally, in 9, MF = 3 and Ms = 20. It
can be noted that the amounts of nenory used in each of Figs. 9(a) through
(e) corresponds to the amount of nmenory used in each of Figs. 8A 25 through
E, showi ng the change in strategy that occurs when the nmenory utilization

i s differemtocess viththe Srurd stmdeioporuntiiony 8ms gisp 36 $D-at horeleetrdargmarnes.
[0143] The qonp@f ksAR: Sfeckiodfts #8E @RdstQF35 kdods tsuat 852 ERRkpdiltet RERakdY4 501

using the slow storage can conpletely change the st rat‘eg?/,‘ even though the
total stor&g¥).i Shoghselmemt pititnasteede@8tigh usedrto bt fhrvead sigulatipussfor twae flopsri ng

RTMwith ¢ I . d | r sane
usi ng chec Eg%ﬁ%hnrhtg ‘?%réé@%ﬁegﬁﬁr{r%%t%%nfg@g? I}%P&%%g B%V%t%%\% Cﬁkﬁ?{gﬁeﬁ %r S on
a par al bel vwathnthaberkward)\@r@@gdéd 4896 RCTOSRO et ¢i0a8 350er ghd cae-@irmtation is
conput atio bet ween .t opt i mal. checkpoin hni ques di scl osed herei n and
Che’ Gr eviatre RURES Al S BB n P B " 0 B 58" L e RO I 1

Cr oss- cor r ébradnether Checkdoiffnataimtk Sep=41Q61E). THerprbedyreds frépentettuntlotibionati ons

O e SR BRI e s P05
menory G i e@RKoiiks &6ndd auifem2ia Gigresnmn iy thoairét ekep2for bxangilk, $he2doshpdingkar&ai ewank
10 50, 45, 41, 38 and 36, rather than for example 50, 45, 40 and 36. This is because the numbers

shown in the drawing were determined to be optimal using an optimization algorithm
(Griewank optimization in the case of Fig. 6A), whereas other possible choices of checkpoint
location may or may not be optimal. Although the amount of memory utilized is decreased,
it can be seen that the amount of calculations is substantially increased. Since the amount of
15 memory and the access time for the memory are often limiting, the procedure may
substantially improve the running time, making the full RTM feasible. However, the number
of calculations and amount of memory used in Griewank checkpointing may still be

problematic for complex seismic imaging calculations, such as RTM.

[0128] In an exemplary embodiment of the present techniques, two distinct types of
20  checkpoints are saved, a full state checkpoint from which the simulation may be restarted (or
a cross-correlation may be performed) and a smaller checkpoint that only holds the wavefield
data needed for the cross-correlation. This may provide significant benefits for both
calculation and memory. For example, the optimal memory utilization shown in Fig. 6B may
result if it is assumed that the memory used to hold a correlation checkpoint is 1/10 the size
25  of the memory used to hold a full state checkpoint. In this condition, far fewer full
simulation runs may be needed. As used in Fig. 6C, longer lines indicate full state
checkpoints while shorter lines indicate correlation checkpoints. During a first run in Fig.
6B, a full simulation run 612 is started from the zero point 614. During the full simulation
run 612, a correlation checkpoint (or correlation buffer) is saved at every point from time step
30 35 (616) to time step 54, thus exhausting the available memory M = 20 with 20 correlation
buffers. There is no need to store correlation information in step 55, as the information is
contained in the forward simulation data itself. The cross-correlation may then be performed
with the backwards propagated wavefield from the receiver at each of these points. Once the

cross-correlation is completed for time steps 55 to 35, a second run 620 of the full simulation
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3.47 hours 200G di sk Optimal 1.89 hours 20G nenory & 200G di sk Optimal 1.07
hours 200G nenmory Gi ewank 1.04 hours 200G nenory Optinmal 47 m nutes

I nfinite wororyl4683 m nutes 5 Table 2: Sol ution costs @®CmiseeI3OL83BEt Ween
opti mal checkpointing and Giewank =scswssss checkpointing with WR 2s,R
Ss), C=1Gn, S =10Gb , and n=1000. Explicit evaluation of costs
[0145] I nstead of using a recursive formulation, J n* ocp(n, MM Ms5) can be

determ ned explicitly. To reach the sol ution, consider-TO,%? m Fwhich is
t he cost ofiS parfpgmed from the zero time step. During the second run 620 of the Il simulation, a

correlation checkpoint is saved at every time step from time step 14 (622) to time step 33
(624), again exhausting M = 20. The cross-correlation is repeated at each of these time steps
using the correlation checkpoint at that time step, and then the procedure is repeated for a
5 third run 626 of the full simulation. As can be seen, for equal resources, the optimal
checkpointing strategy provides a substantial savings in calculation time, with only 101
forward wave propagation steps performed, versus 209 forward wave propagation steps for

the Griewank checkpointing procedure.

[0129] In summary of Fig. 6B, the optimum strategy of the present invention for C =
10 1, which may be determined by trying all combinations of ng and nc that that satisfy Eqn. 7,
and selecting the one (or one of several) that gives the lowest value for J using Equation 6,
turns out to be satisfied by using no full state buffers at all, but rather using the available
memory M = 20 entirely for correlation buffers. As will be seen next in discussion of Fig.
6C, an optimum strategy for a greater value of C (C = 2) involves using one full state buffer

15 and five correlation buffers at a time.

[0130] Even if the storage space for a correlation checkpoint is closer in size to that
required for a full state checkpoint, the optimal checkpointing procedure may provide a
substantial savings. For example, Fig. 6C shows an optimal checkpointing run in the same
amount of memory as in 6A and 6B, but with a 5 to 1 relationship in size between a full state
20  checkpoint and a correlation checkpoint. The procedure is generally the same as in 6B, but a
full state checkpoint 628 is saved during a first full simulation run 630. During the first full
simulation run, correlation checkpoints are saved between time step 49 (632) and time step
54 (634). The cross-correlation may then be performed at time step 55, and then with each of
the values between time steps 54 and 49. The full simulation run is repeated from time step
25 31 (628) three more times, as indicated by reference number 636, and the cross-correlation is
run at each time step. The memory is freed and three final full simulation runs 638 are
performed from the zero time step, with cross-correlations performed for each of the saved
correlation checkpoints. As can be seen from 6C, the forward wave propagation steps is only
147 for this situation, which is still significantly less that 209 forward wave propagation steps

30  of Griewank checkpointing.

[0131] The optimal checkpointing technology may provide between 10 percent to
over 400 percent speedup for RTM over the earlier Griewank checkpointing strategy,

depending on the computer hardware environment and problem size for a given RTM
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:s 10correlating n steps by mforward sweeps using no full state
checkpoints with state 0 in * storage (either F or 5 and a nenory

constrai woab1iMHetél. Thus, the procedure shown in Egn. PETa®R0bA283SE€d tO
determne the cost with storing full state checkpoints. ns = mn(n - m-
nF , mMmcs),ts = ns=n -t tic sSSS n J = (ni -1)R5* ni(nl1 +1) 2 J1 =0+ t FF
2nc rF (t F +1)+ nF (WF + RcF ) t5 (t5 +1) s Jn* ocp(n,MIVIFnc + rs (ts
+ 1) + ns (Wcs + Rcs ) 2 Egn. 12 The m ni num may then be determ ned
from the f@PRHSRE@. s RBWET e ankptllstmga&traé%mﬁhsquﬁﬁe@mm isrpot lingiggd to direct

2011/ 14616%E’@é&&'ﬁg%%@?%éﬁ&d%?&%&ﬂo%n'\%Xc‘n dulnd Q0 {ePlil¥EniVR) Eg: 13

[0146] To mnim ze cp(n,mM-, Ms), three cases can be considered. First,
no st orage state, ad maweb@edu@édresneﬁt tm¢re¢1FW&rgrad$etQﬂmutaungrﬁgld@ﬂrm aftpryptic
storage may;Re.Msed rodigh provides the formula in Egn. 14. 5 np

5 [0132] Figs. 7A-C are schematic diagrams comparing checkpointing for a standard
correlation versus checkpointing when a past state in adjoint computation influences cross-
correlation with a current state in forward computation, in accordance with exemplary
embodiments of the present techniques. Fig. 7A illustrates a standard correlation condition,
while Fig. 7B illustrates a standard correlation condition in addition to a shifted correlation

10  condition, for example, when running reservoir simulations in which past conditions
influence current conditions. Fig. 7C illustrates the application of the optimal checkpointing
strategy for a case having 12 steps, a memory of 6, and in which C =2 and S = 3. In Figs.
7A-C, an upward arrow 702 represents forward computation and a downward arrow 704
represents an adjoint simulation, e.g., in which values calculated at a previous time step

15  influences values calculated at a later time step. A horizontal bi-direction arrow 706
represents a standard correlation condition and a diagonal bi-direction arrow 708 represents a
shifted correlation condition. Further, a bold horizontal line 710 represents a full state
checkpoint with size S, and a dotted horizontal line 712 represents a correlation checkpoint

with size C.

20 [0133] For many applications (e.g., reverse time migration or some of the gradient

computation algorithms), it is only required to correlate the corresponding states

(ie,g= ZSR (s,,s,) as shown in Fig. 7A). However, in some cases (such as for some

gradient computation algorithms used in reservoir simulations), we need to correlate not only
the corresponding state but also the neighboring state (i.e., g = Z[‘Rl(sl.,i.) +R,(s,.5,,)] as
i=0
25 shown in Fig. 7B). In exemplary embodiments of the present technique, the optimal

checkpointing strategy is modified to work for the latter case as demonstrated in Fig. 7C.

[0134] Implementation of the optimal checkpointing strategy in the way described in
Fig. 7C provides a minimum memory use. However, three types of correlation are used, i.e.,
correlating the adjoint wavefield with a forward wavefield, correlating the adjoint wavefield
30  with a snapshot buffer in storage, and correlating the adjoint wavefield with a correlation

buffer in storage). This may be better understood by considering the cross-correlation
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+1' mM(m+1) (n- mMm(n+nc,F-mM JI(nnmM M), " (m1l)Rs++ (n -+ Rc,F)
2211: 1 21 +-R+-- 12n + n cF FF (W +Rc) m+ 2ncF 22ncF Eqn. 14
WO 2011/146161 PCT/US2011/028350

problem as a chain-reverse problem. Embodiments of the present techniques may provide a
more efficient way to reverse a chain calculation that correlates results from a forward
simulation with results from a backward, or adjoint, simulation, e.g., a reversed chain. It can
be applied for standard cross-correlation as illustrated in Figure 7A. It can also be applied to
5 modified cross-correlation as illustrated in Figure 7B and more detail in Figure 7C. Other
cross-correlation conditions may also benefit from the present technique so long as the

implementation is based on using a reversed chain.

Extension of the optimal checkpointing to two levels of storage with different access speeds
[0135] In addition to allowing for the storage of either full state checkpoints or
10  correlation checkpoints, exemplary embodiments of the present techniques can also optimize
the storage of checkpoints based on the speed of the storage available. In present computing
architectures, it is common to have multiple levels of storage with different access rates. For
example, computations may be performed on graphical processing units (GPUs) using the
GPU memory (the fastest storage), or in CPU memory, solid state disk memory, and disk
15  storage (the slowest storage). To simplify the explanation of this concept, two levels of

storage may be assumed, e.g., CPU memory and disk.

[0136] In determining the optimal distribution of checkpoints, two assumptions may
be made. First, it can be assumed that the fast storage with size M’ requires a cost

of W , W/ for writing a full state checkpoint or a correlation checkpoint, respectively, and a
20  cost of Ry ,R/ for reading a full state checkpoint or a correlation checkpoint, respectively.
Further, it can be assumed that the slow storage (with size M*) requires cost W, W, for

writing a full state checkpoint or a correlation checkpoint, respectively, and cost R}, R. for

reading a full state checkpoint or a correlation checkpoint, respectively. In addition, it may
be assumed that the computational effort for evolving any state to the next state is one, the

25  full state checkpoint is of size S, and the correlation checkpoint is of size C.

[0137] Similar to before, the cost function may be defined as shown in Eqn. 10. The
cost function on the left side of the equation is the minimum of the three choices listed on the
right hand side.
o op (M M)
J(m,M" ,M*)=min g’iﬂl[k W+ T =k, MT S, M)+ Rl + Ry +J (k—1,M"  M*)]}
min[k+W, +J°(n—k,M" ,M* —S)+ R} + Ry +J (k—1,M" ,M*)]}

k=1,n—1
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[0147]1n a third case, both fast storage and sl ow storage are used and
nPFS. In this case, the speed is inproved by using as nuch fast storage as
possi bl e WO 2nt1/188160t herwi se there is no need to use thePsirawetioessge). This
case provides the fornmula in Eqn. 15. WO 2011/ 146161PCT/ US2011/ 028350 ncF
=1k1F/ C n=l kis/C J n*ocp(n,M MF ,M5) (In-ORS* MM M+1) M M MhCF
rrrrrm(-1/17"CF RCF) 2 2+41) [n - (1+ ncF)n[ntncs - (1 +ncF)nlr
++ Ln - (1 +ncF )41V + 4 ) . .. 2ncs -1+inF +(1+11cF)2 n2 2 2 c2ncs 2 2
1 4 4(W4) (2n+ncc s)(1+nl (I +ncF)(Ws +4) m+. .. +1 +1cF + Eqn. 10

2ncsJ n(1+sncF) (]1+14)(I FS +4) -4 14(\/\“: +4) F&S ) o
In Eqn. 10, * can be replaced with £ or S to indicate whether the starting checkpoint is in fast

storage or slow storage. Thus, J“(n,M",M®)is the cost of cross-correlating # states with

M fast storage and M slow storage for the case in which the first state in fast storage (i.c.

5  if the first state needs to be recovered for recomputation, that information is in fast storage).

The term, J°(n,M" M%), is similar except that the first state in slow storage

(n,M*" ,M*), and J>

no _cp no_cp

(n,M" ,M?®), follow the same definitions with the constraint

that no full state checkpoints are allowed and, thus, only correlation checkpoints are stored.

In addition, it can be noted that R/ or R} is used for the fourth term in the second and third

10  lines, instead of R or R}, because even though a full state checkpoint is in storage, only the

correlation buffer portion of the full state checkpoint is read if the purpose is not to restart the
simulation. However, this may depend on the actual implementation cost of recovering a

correlation buffer of a stored full state checkpoint.

[0138] The computation of the cost function, J _ (n,M*,M?), is more complicated

no_cp

15  than for the explicit form of.J

no_cp

(n, M), used in the one storage case. However, it may be

performed using a similar recursion technique, as shown in Eqn. 11.

n+i+ j+iWr + R+ jowr + RS
MM~ min J i C)J(; SS) Eqn. 11
=0 ¥/, j=0.M5/C +R +J, (n—1—i—jM" M®)

no _cp

no_cp
In Eqn. 11, i and j are the number of correlation buffers we want to use. The formulation is
simplified by not expressing the fact that n-1-i-j > 0. Moreover, for the case that n-1-i-j =0,
20  the second line in the minimum equation would not be counted any more. As discussed

further below, J., _ (n,M" ,M?*) can be explicitly evaluated instead of relying on the above

no_cp
recursive formulation.
[0139] The results of determining optimal checkpoints in storage having two different
access speeds are shown in Figs. 8 and 9. For the example shown in Figs. 8 and 9, the cost of

25  accessing fast memory is assumed to be zero (i.e., W' =R" =W = Rl =0) for simplicity of
explanation. However, the techniques described herein work for any implementations having
a non-zero access cost to fast storage. Further, a long horizontal line represents a full state
checkpoint, a short horizontal line represents a correlation checkpoint, and any line having a

diamond at the end is stored in slow memory.
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i nopt Egn. 15 Based on these cases, mcan be searched around the 5 critical
val ues shown in Egn. 16. Eqn. 16 may be used to get the best m and
correspormio2011/amiel/F , Ms) . Proper bounds shoul d be consipdensdonaopd3so

appl yi ng these above fornul ations. For exanple if noFpt is not between; and
n, then it doesn't need to considered. nc +1 10 Efficient conputation of
the optinmal checkpointing strategy. [0148] Al though JO cp(n,mF,lvis) can be
explicitly determ ned, a recursive fornulation is still used to find J*)
Using the d8d0}sive Higy fAtfariesehemariedigggms flstramepauabpgy shuaiont @svhigi ng nF

fast storage Huuhessndakd sTIO\M%neImO%) IS%HG({] Sw}ﬁ}él i) st§1|agé’\§pace used tf&r Bél&f er S_

can be pre-determned wth an effort - n2 Here the sy
15used t o mheskpoigrepaims dhelsgmapfin accprdagcq Wethteasblmplatye@nmrae%eﬂﬁleaprsae@tr age

of Stze o fectimfifierX N pidl0 GORL/, ?1465(133&1;9@ Q§80&%O%§8§§m%ufa§sﬁ 2dN3Y €pd he

pre-tabul ated cost data,”we only ne to ¢ eoptlmal
two-| evel grdeaje the(RR[&C!] Nt iTg siduat eYytofa@d si@icy @ichcapact checkesist sas i s of
the two types of storage. The nbst conputational intensive step is the

pr e- conput assumad &f be bst St=abl(matcling hy, Gwankmsymptl@f)orln@ag &), #ltei ampunpok o n

states with stora eontral MLh effort ,5- Fxns
Al t hough i t"870n 3‘1 f‘ﬂi gng} ’|4J i‘sEO"f%v ue> tohhégg his”8%p
efficient. jm_an ﬁmﬁpmwwmpdymot ,Flﬁamll/smrmywe rseiﬂ‘domedzmsmga@wb
addi tional tabulation of k (the first full state checkpoint |ocation).

After the &e¢hdiiniFimalAtEaBglamoupindftynes of herage pigadnt gay @Vmarwwa@ﬁalcﬁffect on
CheCkp@bnt 'tﬁegowxﬁ#d’n?et ‘BfleVU Hmzh 51? 0y %I 'iet 119fF1 S. C a!nﬁ ountrl):}ztotl_lhe

t echni ques and for rm atl | SCUuSse ove nH e use et erm ne
opti mal numtoeags intd sa0k.dsdtlicodifertue o htrdgssperdscauses aoﬂl&@a@eed the eainess pect

to the rretta Qxﬁal%ﬂ&‘iyﬁ?l ggFgglgt;é‘fg?inljoatlﬁon[OMg] Fig. 10 is a process flow

di agram for™ i nplene whi ch uses correl ation checkpoi nt S,
I n accordangg i th eé&i%PaT r %'r%‘é%%s? fi &%ke S“@c%] r 1} C\D'ﬂ'cﬂﬁé%
process begl ns at bl oc g’O%leWI tsﬁ he cago P % (% i ase
on the size of information. For example, as discussed herein, the storage used for a full state
15  checkpoint may be substantially greater than that used for a correlation checkpoint in the case

S is substantially greater than C.

[0142] Figs. 9A-E are schematic diagrams illustrating a number of situations in which
the amount of fast and slow memory is varied, wherein the storage space used for a

correlation checkpoint is two and a full state checkpoint is three, in accordance with
20  exemplary embodiments of the present techniques. Thus, in Figs. 9A-E, W’ =R’ =1.0,
W?=R’=1.5,C=2,and S =3. In Fig. 9A the amount of memory is M” =3and M° =0.
9B, M" =2 and M°=3. In9C, M" =2and M*=12.In9D, M* =14 and M°=0.
Finally, in 9B, M =3 and M® =20. It can be noted that the amounts of memory used in
cach of Figs. 9(a) through (e) corresponds to the amount of memory used in each of Figs. 8A

25  through E, showing the change in strategy that occurs when the memory utilization is

different for full state checkpoints versus correlation checkpoints.

[0143] The comparison of Figs. 8E and 9E illustrates that the penalty of using the
slow storage can completely change the strategy, even though the total storage is apparently
large enough for both cases. Thus, performing RTM with checkpointing to a very large disk

30  can be slower than the same using checkpointing to a much smaller number of distributed
RAM buffers on a parallel computer.

[0144] Table 2 provides a comparison of the solution time (including both forward
-39 .
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explicitly. To reach the solution, consider J

nocp

(nﬁmﬁMFﬁMS) B

which is the cost of cross-

correlating n steps by m forward sweeps using no full state checkpoints with state 0 in *

storage (either F or S) and a memory constraint of M“, M. Thus, the procedure shown in

Eqn. 12 can be used to determine the cost with storing full state checkpoints.

oW o ML

F
F . F F
n' =min(n—m,mn; ),t :”/F,r
n
C

F

F_F
-8 n,

M
M . F M M M M S_S
n’ =min(n—m—n",mn2),t =”/S,r =n" —t°n,
n

C

:(m_l)R;JFM
1
Jo=J,+ t(tT” @ ) n" W +RD)
C mMT M) =J, + MGED) nS 4SS 1)+

nocp

Eqn. 12

WS +R2)

The minimum may then be determined from the formulae shown in Eqn. 13, as shown in

Eqn. 13.
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Rel oad the forward wavefield fromthe |ast saved state buffer in the
specified storage type. For exanple, (3 F) reloads the forward wavefield
state frowotha/l4estt state buffer stored in fast storagePCTsRi1g/038350
Exenmpl ary instructions for inplenmenting a checkpointing strategy [0151] An
exanpl e of the use of the instructions to inplenent a checkpointing
procedure is presented below. In this case, the correl ation has 266 tinme
st eps W|thS—12 C=1, M =10, M 40, an access cost of Rs = W = 2
and Re = W = 0J6, froM sIM)f/D%ana@a (nand! 5247 b access cost to Fastldst or age.
(0 74S5), (0 718) (0 66 S), (2 551CF 49), (38) (2 4010F 4S), (3 S), (2 25

10k 39), (:f()l 5 (2 I, ilngzm%)(]m((% @W YL tﬁl‘%ejeg%s 16he c@t%l(ﬁ}ed (ﬁr538h010:
16S), (3 S), (21110FCS), (1 SS)7{27010F28 3110F9S

storage at all may be used, in which m=n. Second, usmg only fast storage may be used,

which provides the formula in Eqn. 14.

5 > ,
" nh +1
m(m+1) (n—m)(n+nk —m) r r
mp(an MY (m—-1R; + + o0t +(n-—m)W; +R.)
. 2
_[L. IF m* +| - Ry +1—M—(WF +REY |m+..
2 2ng 2 2nf,
[R* + Lot +RF)j
S 7 c c
=m’ =~ fc
opt 1
[1 + Fj
s
Eqn. 14
[0147] In a third case, both fast storage and slow storage are used and
m2 F;Sl In this case, the speed is improved by using as much fast storage as possible
n, +n, +

10  (otherwise there is no need to use the slow storage). This case provides the formula in Eqn.

15.
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(2 11 1OF 05, (1 S F), (2 73 10F 409, (3 F), (2 22 10F 09, (3 F, (211
10F 09), 10 Appendices A and B are source code listings of two exanpl es
of a conpwbenipreytiam t hat coul d be used to generate anPOptusSa®l/028350
checkpoi nting strategy such as that enbodi ed by the above |ist of
instructions, given only the paraneters specified above, i.e. S, C etc.
The prograns of Appendices A and B use the checkpointing strategy of the
present invention; however, where it would be optimal, the programwil|

sel ect Gi eyiadk’ hzéel&p%,nti ng. 15 Fig. 11 is a process flow di agram of a
met hod for conputing & m nimum cost wi thout any full state checkpoints, in
accor dance mﬁﬂmn(exen@fafpf%%dﬂi%nﬁngof the present techniques. WO

2011/ 146161PCT/ US2011/ 028350 The net hod begins at bl ock 1102 with the
initializati emih-anremply’ F'gls.t'c-Stome the potential optimal number of
sweeps. At block 1104, the fi'rst value of this list is initialized to be
equal to n, the nunber of tinme steps in the forward sinulation. [0152] At

bl ock 1106, -t he i 1L rm(esf+ e onred Lat-i qn » fS that can be held in 5
fast stor ag]é“p ﬁ'&@%\?\}laﬂgﬁ%g i 2 cal cul a%&%ﬁ%%ﬁﬁ)or mul as pi cF = MF/ ¢,
and ns = MY At cc bl ock 1108 adetr-m AO0R 1S rmade as to whether at

| east one fast correl ati*tjj{n gneé?ﬂpgpﬁtmbﬂ??JFFT’i_s(IJH%ﬁ’dFWéFbT&)"'i .e., ncf. 1. If
no fast correlation checkpoi n( b jfers are avail abl e, process fl ow proceeds
to block 1118. [0153]Lfltherelie Jat -1 east one fast correlation buffer

avai | abl e, then at bl otk 21710, 2tthe) 10 mi ni num nunber of sweeps required if
using only fast correl tion1 buffers is co utgﬁ using the fornmula nF =

nl (ncF +1) . At bl ock+E1—113;2h—41—1h§ &@tWﬁmkg)n@ﬂéLsd&vas(Wghﬂﬁ »ng..only
fastcorrel ationbuffersis 1%Xofmula nF = R* n¥ptS F (krch: RcF) /1

nF 1+ng,
(R;Jr”(:s”c)Jr(lJrng)(Wg+R£)—n§(W<f +R§)j

F&S C

opt ™ 2
{1+ng +7(1+nsg) J

e

= m

Eqn. 15

Based on these cases, m can be searched around the 5 critical values shown in Eqn. 16.

>mtEs > " Eqn. 16

5 n>mt > > >
nl+1 S |

opt

Eqn. 16 may be used to get the best m and correspond J,_(n,M*,M?®). Proper bounds

nocp

should be considered while applying these above formulations. For example if m; is not

n ) )
between — and n, then it doesn’t need to considered.

ne +1

10  Efficient computation of the optimal checkpointing strategy.
[0148] Although J

no_cp

(n,M",M?®) can be explicitly determined, a recursive
formulation is still used to find J (n,M " ,M?*). Using the recursive formulation, the cost for
correlating n states using »n” fast storage buffers (n” =M*/S)and »n° (n® =M>/S) slow

storage buffers can be pre-determined with an effort ~ n> xn” xn®. Here the symbol "~" is

15  used to mean "on the order of". This pre-tabulated data needs a storage of size ~ nxn” xn®.
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tothe list if and only if nF < noFpt < n . At block 1116, nF is added to
the list. 15[0154] At bl ock 1118, a determnation is nmade as to whether at

| east onewel2om/mersnel ati on checkpoint buffer is avail ablPeT/tis2e1/028366 1. |f
no slow correl ation checkpoint buffers are avail able, process flow proceeds
to block 1128. [0155]1f there is at | east one slow correlation buffer

avai l abl e, at bl ock 1120, the m ni mum nunber of sweeps required using
all types of correlation buffers is conputed using 20the fornula MF&S =

111( 14 || cOned yve hayy thlpoctabulde® cost bletaom ppIneqiefet ~of teweepse ik Otpsmnkg al |

f the f
gon:gu'?edaztél (r:] eVFlhstor]ta%eocr}leF é)om%n% ggar& sy %or gtv%ﬁzﬁpl- 533/ C%Striln% _lfqﬁe_l_gwo 819535( Q/f;s N

Rcs) ncF (W:)FagtR) The Inent tmputmhal 1rmalswé\t stdpl @ khelf24pmpiia®i bf casidteble,t o the
list if and onlé% i f . MF&S <M F&S < last value in list. At opt opt bloc
1126, MF&S 4 & AHddE )k ot gparclafing up-S5 O'pISE AR Smr%f%@w&srl?@t MheM ). githy %ffort

ted t | ud t
campl 60 1 1~ e of g eV B gt gt ottty it fhienE e S8Rt ve

(17,16, 111d6h Scdiplary ethbédmemythRehdy Bepeaomdnisink@n atldiona0 tbdiatich &fk (ieal
ers, WD 2011/ 1461£1PCT/ US 02835 lﬁmﬂ%ﬁ?n At bl ock

nb t t /
Tfsoerts heoé‘lésgrg‘ pﬁﬁa.ﬂgd@a@f lagatignlc h G etiE | APt Wé ladofe 8 éftuph t he

”%WWLLE ; It geteﬁﬁnmoﬁdoft&%&gmm@g §iPld YW i Gl OLITUERH bPOS,, ifead IF NP . The
techmques and formulations discussed above may be used to determine optimal numbers and

10  locations for checkpoints, as discussed with respect to the methods shown in Figs. 10-14.

[0149] Fig. 10 is a process flow diagram for implementing a simulation, which uses
correlation checkpoints, in accordance with exemplary embodiments of the present
techniques. The process begins at block 1002 with the calculation of the optimal
checkpointing strategy. This calculation may be performed using the formulations discussed
15  above. At block 1004, the required storage is allocated. This may be limited by the storage
available, the size of the full state checkpoints and correlation checkpoints, and the like. At
block 1006, the checkpointing strategy and correlation calculations are implemented, for

example, by looping through a series of checkpointing instructions.

[0150] For example, a checkpointing strategy may be expressed in the form of an
20  ordered list of instructions. Table 3, below, provides an example of an instruction set that
may be used for implementing a checkpointing strategy. In this example, an "instruction
number" is associated with a sequence of operations to be done when that "instruction
number" is encountered. There can be multiple ways to define such an instruction set but

having one version such as given below is sufficient to enable the technology.

Instruction | Instruction

number

-1 Exit the instruction loop. All done.

0 Do a forward time step N times and then save a state buffer in the specified
memory type.
For example, (0 74 S) says do instruction type zero and forward time step 74
steps and then save a state buffer in slow memory.

1 Do an adjoint backward time step and correlate with the correlation part of the
forward simulation state information that is in memory for the specified
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Reload the forward wavefield from the last saved state buffer in the specified
storage type.

For example, (3 F) reloads the forward wavefield state from the last state
buffer stored in fast storage.

10

15

Table 3: Exemplary instructions for implementing a checkpointing strategy

[0151]

procedure is presented below. In this case, the correlation has 266 time steps with S =

= 1, MF: 10,

An example of the use of the instructions to implement a checkpointing
12, C
Mg = 40, an access cost of Ry= W= 2 and R. = W, = 0.6 for slow storage, and

zero access cost to fast storage.

0 74

S), (0 71 S), (0 66 S), (2 55 10F 4S), (3 S), (2 40 10F 4S), (3 S),

(225 10F 3S), (3 S), (2 11 10F 0S), (1 S S), (2 65 10F 16S), (3 S), (2 38 10F 16S), (3

S),

(2 11 10F 0S), (1 S S), (2 70 10F 28S), (3 S, 2 31 10F 9S), (3 S),

(2 11 10F 0S), (1 S F), (2 73 10F 408), (3 F), (2 22 10F 0S), (3 F), (2 11 10F 08S),

Appendices A and B are source code listings of two examples of a computer program that

could be used to generate an optimal checkpointing strategy such as that embodied by the

above list of

instructions, given only the parameters specified above, i.e. S, C, etc. The

programs of Appendices A and B use the checkpointing strategy of the present invention;

however, where it would be optimal, the program will select Griewank checkpointing.

Fig. 11 is a process flow diagram of a method for computing a minimum cost without any

full state checkpoints, in accordance with exemplary embodiments of the present techniques.
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WO 2011/ 146161PCT/ US2011/ 028350 [0160] At bl ock 1206, a determ nation is
made as to whether n = 2. If so, then the best first full state checkpoint
| ocati on wo=011lh@661 and t he correspondi ng cost is returmea/tstolioessko 1208.
[0161] At bl ock 1210, the previous best k is obtained froma pre-conputed
table. 5 This value in the table is calculated for correlating n-1 states
with the sanme nenory constraint and the sane starting full state checkpoi nt

and first full state checkpoint storage-type requirenent. [0162] At bl ock
1212, for daemefhogibegipnatdlock ld @ itk iﬂ@tlalﬁ@lezatl@l of an egrpeyhist teagtenp th Resniinke

previ ous b%E{émiﬁ’nuHB@r FAERPANARA 1668 Tthe%ﬁ&"b'agle tolf‘ﬁnsf lﬁs'f %tlmftlhlllléed ¢ B¢ &ual

checkpoi nt ut at location 10k is ¢onputed. f the first full state
checkpoi nt t & theruibeeef tine %@Sllmﬂlﬁé@wa@tm@lg‘@on(l .e., KType F), the cost is
given by the fornmula: k + WF + . IF (n- k,nf used +1,ns _used)+ RcF

RsSt art Typd01521 St ar t Aiheck(1d 06, ﬁhmmaXlulsl@dlunrb@r Ofﬁ:@erdl)iqlor{ l@i@@] thgt cahbe hdld 8x  f ul |
state checkpoint is not required to be in fast stg the co s 15gi ven
by the Por st sorage girdsslowy stogage is qaloytated pyethe f%@ula%éd +[%e C—Ira%élc %g)%{jar Atrype
7 StartType (k -1, nf _used ,ns used)] In the equations above, the

fol | owing @Bk} gndetTmmation sppade psel Whether pislegfy ong fas{ gorreftion Ch?"kp‘ﬂ%"ed X

S, M - d. s b d d
oy oni t o *E A T OO AP S TRRBp oo BF L BHSE 38 pl b e

conput ed mpmcgggmoqqggce@d{gqouglb@klppﬁgt | ocation of the first checkpoint.
[0164]Fig. 13 is a process flow diagram show ng how to pre-conpute the

tabl e of @15'31 NI MU gREd i§ BR8P GhdtaSitowke lalorPbiffidk bvaakelk ah&NABKRRI1ML0, tidken at
t he optl mal ocation, in accordance with exenpl ary enbodi ments of .t he

present!0 teérﬁwnwab@lmbph@f TREEPOGAB i hes ings onby @é‘l&oarsleszWtff?rSt ineompytesbunon of

Cui 0 cpl 27T2F PRI et Tt “lsdd i o B P ROl FsBhat P only e

al | ocat ed trqt keep ggrmlogf theb[ﬂ‘fé}{g mum c@st andednlptdaest | qgagi on ofind he
first checkpoint. 30part of the allocation, all values in the array are

|n|t|aI|ze to- botnh a ef1| emtsthe
st or age ty !)armvtf E{l tapt | %@%’2@:&6@. gz l‘l’%\‘éﬁgggﬁ tg? P‘r@ﬁ & Ploffor {3dded
2011/ 146161PCT/ US201 /028?350 represents the storage type for the first

checkpoi nt 4 B @stiPAdahntll FBIISL BA LONr LBRLS 11H 6, NUHAgsd BfihSisat es to be
correl ated. The fourth di mensi 8h represents the maxi num nunber of

checkpaynt oidl L ast oF BLag8 1P gLl h e IRL " GPURSEA"T 1LRP oKl

poi nt's" rn-slo
correlation checkpoint buffer is available, i.e., n) >1. If no slow correlation checkpoint

buffers are available, process flow proceeds to block 1128.

[0155] If there is at least one slow correlation buffer available, at block 1120, the

minimum number of sweeps required using all types of correlation buffers is computed using

20  the formula m"*® = ‘ nl(nf +n+1) ‘ At block 1122, the optimal number of sweeps if using

all of the fast correlation buffers and at least one correlation buffer is computed using the

f la: », F&S * n(1+ng) F N N F oy F F F (1"'”5)2
ormula: m_ = =| R +n—s+(l+”c)(Wc +R)—nc(We +R.) /| 1+ne +—-——-
C C
At block 1124, m,** is added to the list if and only if m"** <m_** < last value in list. At
block 1126, m“*® is added to the list.

25 [0156] At block 1128, the list is regenerated to include the nearest integers within the
same range. For example, if the original list is (17, 10, 1), then the new list should be (17,16,

11,10,9,2,1). This may help to account for the rounding of real numbers to integer numbers.
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5[ 0165] At bl ock 1304, a counter is tracked for |ooping through | from2 to
n, where | represents the nunber of states to be correlated. At bl ock 1306,
anot her cwonveri4bsi1tracked for | oopi ng through J from OPCoh/uUsbMbs02838her e

nf Max is the nunber of fast menory state buffers that have been used. At
bl ock 1308, a third counter is tracked for |ooping through KfromO to
nSMex, where nsMax is the number of slow nmenory state buffers that have
been used. @1}@%0166] At bl ock 1310, the m nimumcost and the best |ocation of
the first ¢H&kpoi ntAteckddadibeepricaondingsast ebsack petentisgontin syess Db J
fast menory, fhlwsitat @onﬁﬂl@&ilﬂﬂ g@ﬁe fQH&Illﬁé%rmﬂﬁgoﬂ th K slow menory full
state checkpoint buffers already used for the 4 cases: 1) Starting with a
full state checkpoipt in fast storage ,calculate the cost for a first full
state checkpoint ifi ST/ stBrEye.’ 2)" Grart iy Wtk a full state checkpoint
in fast storage, calculate 15 the o r afirst full state checkpoint
in slow storage. 3% Stmandzi—ng—wi t4wm 9,:C ket /ﬁ{éor%t& At rtStlow st orage, cal cul ate
the cost for a first full state checkpoi in fast storage. 4) Finally,
starting with a ful ta che@kp(b) nt in slow storage, cal culate the cost
for a first full t]‘atz g&“kpor nt 1n slow storage. The obtained results are
used to update the corresp Adiing table entry for J with_cp and BestK. Each
of these four steps, :f:dg+b4—@ek£d04rlé@ﬁ+b)a+ao(mﬁut£@)u5| ng the 20 nethod of
figure 12. The cost cal cuI ation 1212 requires knowl edge of the cost of a
full state storefz pe&léle Sfﬁfag)est pszs Iee)tores will be
done for a given f 1o % h p)0| nt oat the E)e f| e 'maC step, and the
cost of a full state restore for the specified storage type. Wien ns > 2,
the above Qubld ned RLEASS AR D6 ARPIHLRG ﬁsﬂﬁ;%é Keldhg! BrrRkioTR! Aypibacat e
addi tional full state checkpoints. 25[0167] 4 1s a process flow

di agr anPof 1&3Zrghchodinfuse cesbiypeftingd mi ni num cost and optimal checkpoi nti ng
strategy for correlating n states with nf used fast nmenory state buffers
and ns_used0$Bbw nenigylksisat eropass flewsdiagram (o aghgthed fop gomprtingtthe minigum ng
checkpoi nt T t r

embodi ment s bs('?:jfdnt!;jl htgE %regets%égaﬁlotﬁ e@ﬁt %%%fjgéér%leqﬁgoﬂ qa%gdmb e&Pﬁ@%{m Lﬁo‘%ﬁmﬁﬁ%,
where the cm@odlmsst@(nf dhedrepdnt h\ectlhlauefsr r Ehe fnsrthlod SISﬂlU@S ﬂ&@ nf heek froi mempry f ast

Poone e o pRkBlNaTd DA AR LR ilnord M ARWCONE BRREOTL AT |

cost wi1Oh tahdthhi the staftlg|fuls $tae eh@hp@ktpe stntedum Sszmj\mesit@a@gpmdn]se st @ilnaect from

table J wit and the .co spondi n es loc ion of th ck t is
Chta mod T FRsepin B b R A LR N g RS il e R B Oy € S
2011/ 14616&9@?&&8&%3/@2&35&5@& ilniegtivel dietiioy, 4@ apped aghinbat dqubdioas belb402 and

bl ock 1404. At bl 1406, the cost vmth ut usi ng .an h oi n and t he
cor r 65 pondiSH TG IS el SYoEae EF60T T drEPiidath e ga! Ritg chackfonia

blhock 1408ifroﬁflwmla(:1d itRgfobwardRintihatibast idifidten §ree dlfbnotas 0E tye dfstddrtige fﬂfsﬂbrmlm
the optimal checkpointin rategy is recursively output. 5 ldentification
of mini' ﬁumstwsﬁ%@orlﬁetWéE%ﬁottthStaﬁgch@%ﬁp@mté& Porereq 6468y ritdax kq 555 TipegFaph
showi ng t heak@hakd Pludet Wikt RBioR SHIMMIER HenR 119 6add NkhOfuhh of FkSt
full state checkpoint (k) for the cross-correlation of 266 steps using four
buf f ers whéwmgnccheckppintgpe gfers qugrenthpin usey\The cgrrenthy ayaideblcgBpicaenpry Hor
exenpl ary GEPOMMABALS of Linld CiaR'ES6MIal RARMKAHER doblhd: BRIGRAR SheBShsOf S/ C
= and the | ocation of the optimal first

checkp0| nt nwg@rsanhwktpﬂlmcﬁtqte b@ﬁfem (:ersendeveﬂlsﬁ nddkdyise, fes_arddgwatik number of
che_ckp ntispg, ﬁ‘l% %ﬁ%&kpoﬁﬁ%‘{@%fé}@%ﬁrrm{y %V%esanﬁ e cfuggndyomtlé‘tﬁ@ th)v t he
optrna frrst c ol nt" becones conplicated even in l'e case

Rs = W = Romorydoes not ig¢lindd thiepadestor Hhe storvememalrmlheclisbmvmatﬁ hum‘errgcurr@ﬁtly tnher e
are three l.ocal minima 1502 for the choice of first checkpoint. Wen Rs,
W, Rc, ané‘% are not 0 anynore, the behavior 15 becones even nore
nonl i near own | ]
relation b 5§ n the[gtr#: %C?(nlt%ﬁtgco(ise?&lgl%@lgfgéﬁggﬁét&% 'El?ep |er%g€%g?sllgot§§%l€ e
checkpoi nt If tche sitthgorc so®s paseibleepratdse flowfpr@6&issd bjosk mmmgherr@m hugeufofite fesg. when
S/IC = =. W = in accordance with exenpl ary
enbodi éént s‘}elq) lstrﬁtélmﬁgl lélﬁl%}qrt' ﬁlrttilsdﬂlé)gsjsgbi‘?‘l this exanple, the graph was
generated assunming 20 that recovering fromforward simulation state zero
required no effort. As can be seen fronmythe graph in Fig. 16, the
identification of a mninmum 1602 may be conplicated. One inportant
observation fromthe nunerical experinments with the recursive fornulation
is that while (1) keeping the avail able storage the sanme (i.e., M- and Ms
are the sane) and (2) the starting full state checkpoint type and the first
full state checkpoint type (i.e., in fast or slow




25 storage) the sane, the second | ocal mninmmgradually becones the gl obal
m ni mum when increasing n. Another inportant observation is that the

di st ance wetwsgerestshe two | ocal mninmumis roughly w thi rCaiGst@noes3ss/ C+1
away. Wth these two observations, we can search the first checkpoint

| ocation (k) anobng a small nunber of possibilities. This |leads to an

al gorithm which pre-conputes a cost table with an effort of only - n x nF

x ns as 30 conpared to - n 2 x nF x nS . [0170] Searching only near the
expect ed cm@@ggoint<$b@aﬂi5W6s%éﬁ@mp@ﬁﬁﬂﬂyﬁméﬁﬂ@@§ﬂﬁﬂ@r§f?ét . BAPRR at i on

cost by a fb_@sqtff?gt i stafd c%éklﬂoiﬁpm@at%%ﬁsft hee fa th@@or?ésﬁ@ﬁdﬁ%ycogﬂji@lréth%ed at
However, this technique nay provide a check- pointing strategy wth

addi ti onal bkeki20%ss than - 49 - WD 2011/ 146161PCT/ US2011/ 028350 1% away
fromthe optimal checkpointing strategy obtained froma full search

[0171] For VO] | ar geAnblogke ddlly theopreviont beshd iBebtaied divines panebrialddetable.
conput aki Ol fRuE AN tRCEBE:s! Qe P BEkIAR L MARISRIRkON R Fdh6aY for
very large n can be 10 conmput e opti nmal tables for "a reasonabl e size Of nmax
tabl e and thestrainpainhe séme gatting it $tetaahéckpeihi andt farstefull Statchahedlypoinn stiorage-
strategy to find. Kif n>nnmx table and to use the tables if n < n.
tabl e. The%%?fgﬁggggéalue for BestK can be estimated without the need for a
table. Usughldy this yj - PQJ DL r th i ew
per cent rmi‘l’el%l(pens [ ’%(/{eb%%zlr% ?%’%gle%gl% ?%P&g %rt?% ﬁl ﬁs’&%\%&’ fh g%f%f F&%} %Oerg tlieabl e.
The perf or peavems bk ifthe abtespandulg oo whduldktho fitst el stad eckkmimbe pgt & {acati@gy .
10[0172LFiqQ.. 17 is h .1700,, show t he performance i nprovenent. of the
opt 1 maiOchdckisrbeio TPa by P ver SRS Roenglarrs ey Ra
procedur e, KThpagdQohdanci gnich by ecetpphidd:y enbodi nents of the present

techni ques. The rel ation between performance and avail able nenory typically
has a shape shown in Fig. 17. In the graph 1700, the top solid line 1702 is
the optimal perfarmance cal culated for using twg |evels of storage, e.g., a
fast 15 stlorhgs afid asi6 Stbr did) - Rhs Ant dat-d Sl il rsed7040PdNt he
optimal performance cal culated for using a single |level of storage. The

| ower dott ¢6B] ne 1706cifystithie stperchegkpeintie noaleguitedtte de frofastistirany, @e iceshank
checkpginti Q%ﬁﬂrin t he graph 1700, performance initially increases
W th ng?e 3%?P2§F§ S éfage (usual l'y as nore conputational nodes are
added), since less re-conputation of full state checkpoints will be

requi red. 20[0173] However, after the available storage is beyond a certain
poi nt (e. g.k+ POt (/A A,708uell, 30oiukdd H) L RLQ)R“PHie Bea¥i(hglhpsssciogomms))

dom nant, and performance falls off Scaling loss is a result of adding nore
conputing units to a problem wherein the efficiency of each conmputing unit
i's reducedlggge‘&u$ﬁgmkggﬁﬁgﬁﬁgmﬂ%g&ﬂﬁﬁgjcaused by using nmultiple units,

for exanple, co nication between the units or between the units and

st or age,Sys}ens 25 Scal ing }kossrmay be 0 a lac f ideal scalability
of theggppffgﬁFio%?gﬁﬁrgﬁg?TJb%é%ben ff?agggﬁgreﬁhélgéﬁgbf re-conputation
beconmes marginal. The performance uplift fromthe optinmal ch poi nti ng
strat egy d@%%ﬂﬁ@I%ﬁPPHE$&V%ﬂPthé“ggﬁﬂéaﬁmﬁﬁg%’@&%ﬂ%ieﬁtkpd§igﬁhgﬁéﬁ?
storage i s campitt@bR,is tfiRtcRSithardesigRitddrhinfuiur®tost BRl @GP bésiBcattdreghiRofidt | Ng
over Giewank checkpointing can be the ratio between point A 1708 and poi nt
F 1710. |f 8%hpitfe is 30 constrained (which is usually the case), the

performance uplift may be the ratio between point A 1712 and point D 1714.
Appl i cat i on&l0HAD 201ME1 W6 e PesssEow 1HagsB skving how to pre-compute’ the table of

25 minimum costs associated with a full state checkpoint taken at the optimal & location, in
accordance with exemplary embodiments of the present techniques. The method begins at
block 1302 with the allocation of arrays to store the table. For example, two five dimension
arrays: J with cp[2][2][n][nfMax][nsMax] and BestK[2][2][n][nfMax][nsMax], may be
allocated to keep track of the minimum cost and the best location of the first checkpoint. As

30  part of the allocation, all values in the array are initialized to -1. In both arrays, the first

dimension represents the storage type for the starting checkpoint. The second dimension
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[0174] The optimal checkpointing strategy of the present techniques may be
used to obtain enhanced efficiency for any nunber of

conput at iwoabllyMbwiiensi ve | arge- st orage processes, for examshé/oesssng a
tabl e-driven software inplenmentation. Generally, the processes that wll
benefit fromthe techniques involve a tinme-stepping forward sinulation
S5that is accessed in reverse-time order to correlate wwth a backward tinme
steppi ng conputation. [0175] For exanple, in exenplary enbodi nents the

opti mal chéwkperthithngiones duguion thes fiiss sbeckpoirfe She ¢his chYomm pipIrseEs ithns. I n
these embogmRLHoFsialdd®, OPLdrfhede NEE HPRINiMBAIAY A5 Ak tndRbiRh A ifbel BT OVed

conmput ational efficiency for prestack shot-record RTM Prestac

si mul t aneo@hkeckprints en RN stPragst adle BRbtdimensiondrepigpentr i maximupy awmbgerkof

shot - recorghe'lcg SV i HBSS L@ Prestack simltaneous source FW G adient,
Prestack simultaneous sourcé Hessi an, and simlar seismc calculations. The
conput eg Si tor ix @fih] §i S RRLE i & 1RAGEs (L ismc
wave quat i[(?)@r?,%ﬁfor exat?rp e,39u’s%%gl %ﬁﬁso%regg%cg\%@ggg%?‘%st ?ﬁo p ;1051?8’?1.6%19}%
recor ded datrecsay themombdefpatet ichesoneldi tyblogs E¥Sumethestquess tracked for

accel erati . Qr, an i L r SO f i me-rever sal
opt i nmal 12&3{1 cﬂ&%g% nfﬁﬁ;g OQ? trhg? g’é)}’& hggenan%x E?r@%%‘ﬁr‘%%@% faﬁﬁ‘ém&s}g@e%.t © r?FegSach of
t hese appl itleahawerisen tded. Aoblvak d343, aehist @ppieny tsekedrfoiclospingithadigbK Gam Oappl y

var abi o adiantg ReaRar s R b ERE R e bR Gt BT B Bish B Bt o1

ri abl e- déhSTYY HahPSUT BB "CBUSHTE, Bt B S ast i .
The- cor Pol S8R of * APl g E BRI R R e RS PR RO GhL L e

gener at ed fafeasoniphed f@OcroRastrelethgdbitatciaith b &ast aRehotyofufjesas alicek @t btfers,

i mges, to correct yelocit els, estimate stiffness efficients,

ooty i o SOt uho e TEmol AT C S Ea T BIGR UG Rr £ Pad Gre: " Bhong
ot hers. [Ok#Gjidg wiky o snet adcljdal it et ¢Oriel @ldulike BitePstolt ¥ fir@quil kag t hat

the source- excitation wavefield and the rlgcei vgr backward-in-ti ne

pr opagat ed ShesRINEN §logt sterage- Amiertisgwith gfulf grate checkpuit indpst slogres ¥ ldifmed

for al hsti MR REEBSa firkhihH stafe MHeOPRGRIT QbW HoraSh. MY QAriREWIRY chR&KkpaRfiRkIRd 1 n a
reverse time step order or in a forward tine step order and the result is

the sane. TRESRTMIEkENPS 605 AUsielyll atsvdesipeing insigsirstasagsx &) Faplloritafdigef i el d

that is natyial f) sBECESSpBInein Mov sbReas BufalcBe QiR 237G 98P Gke icReckpoint
reverse-tine order while the receiver wavefield is marched backward in

tinme. Alterhalpmsdrgee. fThe obineduesutthaickped m prigiesthe gpegyonds @bl calrgdotappl y
to inmplementaly @RGnd BeWi Ghich B?g{eﬁﬁﬁhy ?tEpsV\ﬁYB%E]?:}]ﬁjqéf &n%gﬁhﬁﬁieah§§%% ' ng

backwar d-i n=ti me propagati on an en accesse orward-trme order to
mat ch £0e swthodef égwictldt ildn corivelfiletial 132 myuirerlmantidge pf thpeqgaoledfuilntatd me.

Both inple tati b h crl bed her

2011/ 14616100 B0 PE 38 SBYEE bl Ml a ey P RE Lo 2y il e
present techwkppiatsatithy sipeified ehef gep, any thruedsepf offulbstaerresqel foc tici spastied=or
exanpl e, in_an enbodinent t tipal checkpointin trat can.b sed
For i <t or o'kt Mg "BRmyir g Arb o ST CH Ay o Re e n&fy 6
appl i cat i onptihiley Idatcaddalohgdtiestak checkpdiatsr eservoir may include fluid

vol unes and types 5 produced froma well, bottom hole tenperatures, and
strati @gbaphii®7r ock riEgords,a momegflow legsam dhe nedivp foecongiuting atinimomnayt be

based on a | ti-phase expression of Darcy's law for fluid. fl ow. The
o ot o bl BRGSHRIE SRS Bl e M d M gttty Shory e
per meabi | | byfferk bad g s@t/Wloat ineMSHy safdbuyifeass Wicesitdhtsinrthduild Datng evBIg@imiher s.

The correlation _may al so. be used tao_ generate productio redictions for the
reservoir AhdFoRPeEERgcy ) %Ccaréarr?ﬁﬂa@e%mﬁfya%@dlmofﬂag RESG{FePHEYGde

det er mi ni nghk AG@hdPBSgihOkt BRI WD S swhard dtheledogtr Bdsidiated Whet Ber fikso fapRwes ti ng
producers to injectors, anong others. ) )
30  checkpoint in fast storage is obtained from table J with cp, and the corresponding best
location of the full state checkpoint from table BestK. At block 1404, the cost with the first
full state checkpoint in slow storage is obtained from table J with_cp, and the corresponding

best location of the checkpoint is obtained from table BestK. Tables generated by the method
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[0178] I n anot her enbodi nent, the present techniques may be used for basin
nodeling. In this application, the stratigraphic rock record may be one of
t he neasuwedopanearset ers. The conputer sinulation i s basedTars2e1e0283580 C
deformati on of a basin and a 15 nodel of the sedinentation processes that
fornmed the basin. The output fromthe correlation may assist with the
determ nation of sedinentation rates and accomodati on space avail able as a
function of Epsition and geologic tinme. Further, the outfut may include the
hi st ori cal °§Kigpé3 By bhasadas beth Hlask 14@brsidileck: i4Re Ahbloglh 404 drespst vothodept h
of burial aads LRSEIRLydHtSIR the E@FeshHABBL kiR LA Sf ANGpS QUHGETRGK See

20[ 0179] Anot her enbocﬁ ment of the present techniques may be used In

det er mi ni ndihdar Atrdpek B8 Accardieatpywlogh casedwnysenr 1 Sech iathe tnhaingin, geen
reservoi rsObﬁng%&kkahﬁnérﬁgrggg’?gsq@curéivrh); hitSutaPpl i cation, the nmeasured data

may include tenperature ments, Tock type and hydrocarbon type

nmeasur egen%enﬁ-}g&?lrﬁggjwﬁéwﬁgsgqn cﬁéﬂpp%ii;gﬁa?%gllc%ﬁ%i ated with hydrocarbon

production, a e conputer s at1on may be based on diffusion
equation f g heatp:tr ansf gr R wd hasayatd Qr mf; d avy
oi | sti ffni‘gs6§ oeffi é%’eﬁ?sg asgrgﬁl?gn(%:@?%n %?e t g)rrgseért‘g%ér e,9 rl(gcr)lup edp%vgxﬁ %lﬂfeheavy
oi | phase d@haen ditbhiips flsstae thakpdigitloior therepes-acrmlgioand 266 espursarg fawong
others. The,figsulils OF 1N8 Gor kelation gL Re U3ed, Lo AEhal Die.thshIR
conductivity and subsurface tenperature in the overburden, and teservoir

i nterval s amboditvamges theprgsh@sehhignest He tivygeodanizort COrpoaeiRss VéroRg =

ot hers. ~,30[018 he technjiques.are.not limted to hydrocarbon syst . For
exanpt 40 erbbartniit st G5 PhBTPUBA T Cerhehb 88 Moy HE" BEREAT RGPS
heat tr anstfierGtiéwakghedpoiatn® sated). € Elosevdrosnce xaniglve S + IT, @it latdtids pifielid C

reentry of a.s ecraft,. the techni ques nmay .be used to c re tenperature
Lt Sthe skl APBRAC pckbbel BpI FHMGICHER B AT geBrarea VDR -
2011/ 14616 WRCGHHUSAGb s 028 3R QexhmpinsBovi O mWalE d1 & kHerd e @lredRBA]l nainmhay 5308 .forThe

t echni ques may al sg benefit other diverse applications as clinmate

si mul at i ondl® QKE AT RRCCKPOIHuCYBHY Rekbdif: Bt Bisats Befs anyAwre e ohpdor
Exenpl apy Gbdbsdee bvdaanRbhbiBeas biIRWiRFRL161 9. 18 is a bl ock diagram of an
exenpl ary cluster computing system 1800 5 that nay be used to inplenent the

present tegmgopues, Fip 26 GOLARRFE sNhwilg axe iAtRNYb@RNRAdingBhimah dofear esent
techni ques. The cluster conputing system 1800 illustrated has four

conputi ng e et firdafh sefc decknoined)r herarorePrerean o 3ndcmoringprr of
the seism ¢, {fRGIHRE s/OVEY &5, = e=qb, adkdarycski lih deforidie ifh Mehplary
recogni ze that the present techniques are not limted to this ,

conf i gur at icBRodigsntanf thaurtsent tedhnigaenp Un ity cxeomie. g grephovias gpagratsd aggming

sel ectef. ok r&Y¥ lﬁronﬁfomh'sﬁﬁulfdomka@é B reqil&'nPSrr e, SRL $4H Ge {ARGORI
calculation, may be run on a single conpuplng'unlt 1802, such as a

wor kst at i othe gitaph en &id. alibg ¢hesidamfifwpiiom ofraymipeanyny il 66 nzycheu sereplicetodp udieng
system 180 i .10 . .60 I i .

[0182] The. dPiarar gttt B b SYSRRIS MR el e bl s
client 15 sshilt éheket@0g thovaanilablonetrage the 3806 (i.of, 3¢ @xavphre the faneligid &) fiegh
speed network.interfac 808, . The t wor 06 i.ncl ude a.lpcal area
et vor k- ( Laginedo g e Boupdo fad MRS St Rk ST 2 BESsPRA  ons
t her eok5Eacstoragt) thhearad, itkndecandslbesnididh grayualiabecanen -the golsil thoniynuncehgnut er
readabl e nenpry. 1810 for the storage of operatjng,.code and prograns,

 nel udi ng PRAGIAE A c SO BN ARy AN Pell BRMYRERDR) el b eriisabo
operating egfignantd PLgdy anminndiytandaclididel bhey. codeth sRdwooobséPatRiAENYe add Or
any portions qf the t hods di scussed herein, for exanple,.as_discussed
with r espeé%érﬁbthf:?l&é cRosketie 19esien ROPERBAT2H ARMPRS ;! Pigsgwgft%r 9916 i??‘ﬁiﬁoer
readabl e medi A JiRm NQhflh bk oRbRLS 2 CRSC BRI Bith: an OfSE RLdAN CherKpQs LS,
and simulation results, such as a data representation of &a subsurface
space. 3The compaat tosyst ems xk804 can al so have ot her non-transitory, conputer
readabl e nedia, 25 such as storage systens 1812. The storage systens 1812
may i ncl udg¢oidog or rSeashingrodlydfchivi@ts expetied olicckie l@patiorcdgnifltani e ssduc eheor
nore flash drives, any. conbinations of these units,..or ot her suitable
Stor age devitEs) MRPURISH A58 B ariatie T51 Hhy B HEHACT of Terdretiey WLy of
checkpoi nt sioweostethistetielgse mdppaviddadhaikhgsintiddf Dalp} vah adifeechal @kt less than

i npl ementing the methods described herejyq. For exanple, the data storage
system may hol d checkpoints for the optinmal 30checkpointing strategy.

[ 0183] The high speed network interface 1808 may be coupled to one or nore



comuni cations busses in the cluster conputing system 1800, such as a
communi cations bus 1814. The communi cati on bus 1814 nay be used to
conmuni cawe 20nst4sieet i ons and data from- 53 - WO PCT/US2011/028350

2011/ 146161PCT/ US2011/ 028350 the high speed network interface 1808 to a
cluster storage system 1816 and to each of the conputing units 1802 in the
cluster conputing system 1800. The communi cati ons bus 1814 nmay al so be used
for conmuni cations anong conputing units 1802 and the storage array 1816.
In additi orl%twayﬁ@%@ﬁrﬁnﬁn@gﬁ%n@nwt%mO%Ialnﬁcbﬁw@ﬁé@hseﬁwb- 1818 can be
present to 5increase the conmunications rate between the conputing units
1802 and/ ol07Ak c| ushereytlyeananayay &nced pad Besp sbleyprd @blg spraputaiod tigse

system 1816,£aRoRe V50N’ ﬁactmriﬁlfmﬁaﬁap%%wfor G %@E i pdaPlgiRdi a
devi ces, such as storage arrays 1820 for the Storage of checkpoints, data,

vi sual repopgagitailpsoies a reasenablesize ©b dey warandtthrarto iswitely ipethe enewinky full gt e,
concer ngng : i t 4 : dre t hods i gs.
8_ 7 ﬁf}&%ﬁm&tﬁlg‘ S%Je%%ﬁ ée?z’i%l% ~apa r.e %HJ %Zusé RS AELNO mb;e.gi‘he':

3 and 1 e storag rrays may -1 nc any conbi nations har d
drives, opfGroaknldvilweler Bétasi Wrastimated Wohog thepledfos b tabkg dJsanlhvathis yiads aany

ot her suit | . > f t i i have a
processor T raming St b s GREAAS] ndelf RENRboR e i FRBRLSAIR O,
as nenory 18®4 fahdized @blage 1826. Each of 15 the processors 1822 nmay be a
multiple core unit, such as a multiple core CPU or a GPU. The nenory 1824

may i ncl udér&aNfamdierupRhNusedfivo tet grieatodeipoinong exaegyl e, used to direct
th 822 tQ i t ' i : Fi
o 9851022, P B O LN ARSI e SP DR Shab, Lo

3 and 1 ge VES, onhe o
nor e opti cahecllpoivta®, stratagy over minrckpdihtaghusgitheeGrievamk progedunerin a@bidoms wither eof

The storage_ 1826 may be used to provi .20st qr age for, checkpaqi nts

!t er o SesTHEgy Peotfers S AeaBLRY kR F08 P RE RSB e

i ncl udi ng eoedlbléIrdndre typiqalle meni shdpe shethmdFigf 1751 [gshe Grapin d7000 thk4dop f@B6] The
present techniguyes are not limted t he architecture or unit

bont | gur at 185 11 Db SR PR Trghoeygs oulslsd Q8 Sig 8o gl Shoplr . o fas
proces3or - bspd aaleyEl6R stompeb@héihiddlzeudias 170934 HIRPiimAhesbimte euldtdd on of
enbodi ments of . the present technigues, includin?7mkthout 25 limtation

personal c &8RS INGRIeVR Ok 80385 s Shfalowebtrige drs I7904p thspeepimsaeesadeuladhput er

wor kst at i ofsy, udUSiric R E&cﬂ%‘lﬂtﬁ%fs, AR it P EAFIEISOU, RBOMBINSe Pitially
wor kst ati ons wt or without) shared nenory. reover, enbodi nents nmay be

i mpl ement edCHRs@PP BAE iRvHI2BIs StorFee fusupietsragre gorpyaignplodgareadded) sipesy y

large scal gl (L &UHAlEG 6MuPotcChEaBbihi will Be f@Ghed. Per sons of ordinary skill
in the art may utilize any nunber of suitable structures capabl e of

30execyp ngmh_@ﬂi cal QRELRE 1ARSHhAGSATEING AR i B8y GO ERN ohnt d(g%g%ﬂn_?%
[0187] The Soci ety of Eﬁgloratlon Geophysi cists (SEG Advance del i ng
1708 or point F 1710), the scaling loss becomes dominant, and performance falls off. Scaling

loss is a result of adding more computing units to a problem, wherein the efficiency of each

computing unit is reduced due to the increased overhead caused by using multiple units, for

example, communication between the units or between the units and storage systems.

25  Scaling loss may be due to a lack of ideal scalability of the application. Further, the benefit

from reduction of re-computation becomes marginal. The performance uplift from the

optimal checkpointing strategy depends on the available storage. For example, if sufficient

storage is available, the performance uplift of the optimal checkpointing over Griewank

checkpointing can be the ratio between point A 1708 and point F 1710. If storage is

30  constrained (which is usually the case), the performance uplift may be the ratio between point

A 1712 and point D 1714.

Applications
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WO 2011/ 146161PCT/ US2011/ 028350 ( SEAM exanpl e described in the
"Background" section can be worked using Giewank "optimal" check-pointing
and usi ngwohlelpresent i nvention for different conputer eomfisgunatsons.
[0188] The straightforward, i.e. no checkpointing at all, method that saves
all time 5 steps of the forward sinulation could nean keepi ng 40,000 tine
steps of an 84 gi gabyte subsurface volune or roughly 3.36 petabytes of

data. Exanpl es for doing RTM on SEAM dat a denonstrate that the present
i nvention p91I0¢] des tHe qramgbehecknpiming ataseyofdhe mrepafhiashniges cpeydsivied iy to

RAM Y\’hen_ RAOMalrS c¥ih¥ed iefﬂ-c}eﬁ%r £y %h}l GuhPEP eé%nipﬁta}i&%ll?—iiﬁt@nsme Ia?&—storage
application problem 10 [0189] These SEAM RTM appl i cati on exanples use RAM

for "fast meaverss; fandxdnEk fidrg '2stablgrdmwetb sgftwara dmmpdementatiphat Geseallyoghe of
readi ng or L& . . ISk LS.fi STall t he
cost of reSg%ﬁ%&ggma??fﬁ%gﬁ%ﬁég?@i?gﬁﬁ‘%Eﬂh?Pgﬂ' r%%?@#§§ﬂ%§%?ﬁ%@h%§%lthat
t he cosb ofthat Brapessiedgn sevéree-time drdet tweontlet with adnekweard timk etepioisg cafiputisiong a
backward tinme step is one. The cost of reading or witing a restart state
buf fer or W76kl ati oforisxdrhme, iuskamplad emRANMESs thelophmelochbekppiting prabsiore an
S/'Cratio 1S ..as: . " For b I t units
Cequi red S be80h SR MR Aficafi h Bt Phbod Rl In HRED eflaiiRnd,
order and ipnebdide snapgtrévidhempostl @mpharivel dfficiarey Streppitanl shodretdré RIgt  of

doi t . [ The 'Tot al "o f t
i 19+ equirac Bl isgunR b R et bl PR P BBk TR Bl ko o
time steppiFMg HesslaArpPesedk siklivined0 Qh9f] AWwe dradibawpregtatin kiatulmBitdo0N sdusce

t abul at ed r .each exanple.. The al gorithmused needs to conpute t nunmber
of St or 6 ati VeSO BIET STORCA B BEEh M e et Pl FEE ol ype

of operati @pplicdiiins naffoRmaRUicAR seBMUSOL clequARAPIE Exanlp, 6a8¢ adfotlopre viseswar d
simulation time reversal. The algorithmused provides a Giewank sol ution
whenever CelagticyPBRYIey t Hen resordsqudate  avs, inqldle; pafticle g ¥docityn Pressye. stiee

check- poi ntagcefl@fiRn bYr Ghy QEBnatifiRt hdRePUl Shntawdiclenn (ko fgnel¥ynl Yopaikear i g
the information needed for doing a correlation are reported by the

al gor i f1Am &8cckpoiptgystigioey cat be piccompeed ped svicdn In krdy plathPraPPirEaee [
Thenumber Offér%‘v%hoﬂirﬁé&fe%ﬂei‘% %ﬁ% OthuREEH e Hpaohinglhecaid of keGP Yoat | O

id
fromfast nmenory nWi ] The nunber of stores of inforimation needed for
doi ng the éome|enitan-deemipubeoubtion Yapiablgsiensif nagopstitReESPO[AR]SOTPEC ragatdic, of

restores OfisotrUILiL efa?t?ct, Qﬂigotﬁ)‘i)ﬂ:te?a%tic ¥ @%%ﬂﬁ%%&g{v&@ggﬂa%coglﬁﬁﬁgonff@n fast

menory
correlation of the forward simulation with adjoint simulations states generated from the

20  measured data may be used to generate seismic images, to correct velocity models, estimate
stiffness coefficients, estimate source wavelets, and estimate attenuation quality factors,

among others.

[0176] It may be noted that the correlation step only requires that the source-
excitation wavefield and the receiver backward-in-time propagated waveficld at the same
25  time be cross-correlated and summed for all time steps. Thus, a propagation or simulation
may be performed in a reverse time step order or in a forward time step order and the result is
the same. The RTM example discussed above has a source excitation wavefield that is
naturally accessible in a forward-time order accessed in reverse-time order while the receiver
wavefield is marched backward in time. Alternatively, the optimal checkpointing strategy
30 can also apply to implementations in which the receiver wavefield is checkpointed during
backward-in-time propagation and then accessed in forward-time order to match the source
excitation wavefield being forwardly propagated in time. Both implementations are covered

by the methods described here.
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NWites[F] The nunber of stores of full restart states to fast nenory
nReadc[ S] Thenunber of rest or esof i nf or mati on neededf or doi ngt hecorrel ati on
conput at iwo 2briossiiow menory nWitec[S] The nunber of stProras2@f/oessor mati on
needed for doing the correlation conputation to slow nenory nReads[S] The
nunber of restores of full restart states fromslow menory nWites[S] The
nunmber of stores of full restart states to slow nenory [0191] The three
exanpl es | abeled A, B and C conpare (1) the conputer cost of a

ti me-rever $M77kt r at dgyrddisipngp thesceinpahicatiorre die-pescht ieelgiques RARPe psed fonany
present i nVeRbio% UGy RalivnsC NEGKsRRPBT inth £Rbddhibine ANdofiBal REKPERHEN

i nvention using check-pointing to 5 both RAM and di sk. These exanpl es
assume t hattrafegyscanglrabsedofor hisgoy matakingsefehslrepatbon ressmpint smulstignsy ohnthtt t hat
can suppor re rt. S e LOARAM, t t ate ffers
on di sk. T%%&%rgtéinéﬁ@id%\%e&r?ﬁ %cg%cpgglfﬁl {1)1? oﬂs{éde "a ggcelré%g% gﬁal\?og‘%?(&o%r ty? e

G i ewank cipeclkegdofromi sgyelt battomgholai teimperhiureGr aminvstritigenkic krogoirerpsls ganeng t o
RAM Exampl e A i ewank i.n nor 05=84G Fast,..Menory=8316G (99 st ate
but fer o Eoiar d OB Rty BT il B0 Bt Galsah YRR RGO 84S, 46
nNWitec[ F] £388d4id filkeadShdé|con8itionWiay els{ kjcd7 Q8 adiRe aptcdisite® oWl iak gefr&jty0

15nReads] Slpe:rgnegbi iJ[ t, ﬁgiLiﬂltﬁ%tioExns?'%l p?eslssl:lre %Ps%r{bﬁgéns! a{]mol\r/lt?gno?lll’e}!s. Sl":h%%oGrrc%LZO% may
also be used to generate production predictions for the reservoir and for reservoir
10  management tasks. Such tasks may include determining locations for new wells, and

determining whether to converting producers to injectors, among others.

[0178] In another embodiment, the present techniques may be used for basin
modeling. In this application, the stratigraphic rock record may be one of the measured
parameters. The computer simulation is based on tectonic deformation of a basin and a
15  model of the sedimentation processes that formed the basin. The output from the correlation
may assist with the determination of sedimentation rates and accommodation space available
as a function of position and geologic time. Further, the output may include the historical
shape of the basin over geologic time and the history of depth of burial and thermal history

for target reservoirs and source rocks.

20 [0179] Another embodiment of the present techniques may be used in determining
heat transfer in a heavy oil reservoir, such as the bitumen reservoirs in Cold Lake in Canada.
In this application, the measured data may include temperature measurements, rock type and
hydrocarbon type measurements, thermal expansion, subsidence associated with hydrocarbon
production, and the like. The computer simulation may be based on diffusion equation for
25  heat transfer, coupled with equations for rock, and heavy oil stiffness coefficients as a
function of temperature, coupled with heavy oil phase relationships as a function of
temperature and pressure, among others. The results of the correlation may be used to
determine thermal conductivity and subsurface temperature in the overburden, and reservoir

intervals and changes in phase for the hydrocarbon components, among others.

30  [0180] The techniques are not limited to hydrocarbon systems. For example,
embodiments of the present techniques may be used to determine heat transfer through or
across objects. For example, in an atmospheric reentry of a spacecraft, the techniques may be

used to compare temperature at the skin of the spacecraft with simulated results generated
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WO 2011/ 146161PCT/ US2011/ 028350 Fast Menory=8316G (use as either state or
correlation buffers) Forward Cost=79262 Total Cost=119261

nReadc[ Flw08296 71400l i t ec[ F] =39916 nReads|[ F] =42 nW i t es[ FpefaSaRamaeksF&] =0
NWitec[S]=0 5nReads[ S]=0 nWites[S]=0 The use of correlation buffers
provi des a 1.44x speedup for the forvvard sinmulation tinme reversal and an
overal |l speedup of 1.29x over using "Giewank in Menory" for doing RTM
Exanple C Optinal in Menory and Di sk 10S=84G C=7G Fast Menpry=8316G (use
as either doat a forvaeddinge gldmept pipysesr s Thelteshninmesomyx=also depefs eothe dyariter

state or copheh@ll e ﬁfn%)angﬂﬁr m&gtl%sc;f nzaéa@%ve%:‘b-ﬁ%ﬁ)lnat%§tan&h%]1ﬁk%
nReadc[ F] =39934 nW i t ec[ F] =39934 nReads|[ F| =1 nWites[F|= Readc[ S| =32

nWitec[S] ﬁgemg?@[tégr-@b?nﬁw%g}g%hﬂ =32 [0192] Al t hough t he d| sk space
h

avai l abl e can d 100 restart 'state buffers or 1200 20 correlation
buffers, thgga|gori tﬂ‘l@ Pg‘ 1stah§10&1{‘b{r°agﬂah10& HNQRRBErY LlutSEciPuYing dystes t 8dcF

state buffers on di sk hi gh cost of doing input and output” operations
to di skodi swdunagks umetcalng@lpm@mmhﬁ rmﬁemstenlgnqﬂeﬁ, of aqchuslagdes Witk pae@pleryat i s

avai | abl e. e%&hm‘&flt toPﬂlenggs%ﬁjtthch'n u%sg' PhC chlmﬁﬁtn%r sgrgﬁefnh@Oﬁ/ lg]s{rgtte%g and

only an i ncrenent al speedup i s ga rom av avail anple C
provi des atowcemahtingsypéted 82, ehchlof3gixclomey p@lﬁcprngcalﬂatlewaf@k P ommwfmq‘ or 25

doi ng RTM 11[{1%%1%;21 I:C[%ﬁ%}gf )&16 Bpgrﬁ%aﬁ%ﬁnﬁhﬁﬁeaf}? @H%C{%%{’% rﬂplt p%]slé ({hglqtﬂgs’ 000

time steps a er enviro can s
buf f er s i nafRAMtdindted X0 thle$bafflgur$ttoa1 & byf entsr of cdlmﬁﬂxtlngl\d@hﬁgurms tolmey IRAM

avail a t han i above. an dvant

v onor ADeq e b iR A Thutfef RIS SRei By SO e RGIAE AR o 1 1
30 Exanpl eréa eansipglocomputngspiedon) sach ak aEWOtk@ME)h Whide ﬂat@vsﬁiﬂlﬂatlon may be
check-pointin strate W|th a wank, ch -points going to RAM.in
Exanpl 2 D élﬂ]dg‘h gv%rrf P@&SY&&@&%@%@ 1()f tlé(i WO, or even%ore gomputmg units

2011/ 146161RET/ US2011/ 028350

[0182] The cluster computing system 1800 may be accessed from one or more client
15  systems 1804 over a network 1806, for example, through a high speed network interface
1808. The network 1806 may include a local area network (LAN), a wide area network
(WAN), the Internet, or any combinations thereof. Each of the client systems 1804 may have
non-transitory, computer readable memory 1810 for the storage of operating code and
programs, including random access memory (RAM) and read only memory (ROM). The
20  operating code and programs may include the code used to implement all or any portions of
the methods discussed herein, for example, as discussed with respect to Figs. 3 and 10-14.
Further, the non-transitory computer readable media may hold full state checkpoints,
correlation checkpoints, and simulation results, such as a data representation of a subsurface
space. The client systems 1804 can also have other non-transitory, computer readable media,
25  such as storage systems 1812. The storage systems 1812 may include one or more hard
drives, one or more optical drives, one or more flash drives, any combinations of these units,
or any other suitable storage device. The storage systems 1812 may be used for the storage
of checkpoints, code, models, data, and other information used for implementing the methods
described herein. For example, the data storage system may hold checkpoints for the optimal

30  checkpointing strategy.

[0183] The high speed network interface 1808 may be coupled to one or more
communications busses in the cluster computing system 1800, such as a communications bus

1814. The communication bus 1814 may be used to communicate instructions and data from
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Gi ewank check-pointing strategy with all Giewank check- poi

nts going to

disk in Exanple E. Exanple D Giewank in Menory S=84G 5Fast Menory=1680G
(20 rest awo 20t1ase16buf f ers) Forward Cost= 185055 Total CeeTAR2G0528350
nReadc[ F] =33275 nWitec[ F] =27439 nReads[ F] =6724 nWit es[ F] =5836 nReadc[ S] =0
NWitec[S]=0 nReads[S]=0 nWites[S]=0 10 Exanple E: Giewank on D sk S=84G
Sl ow Menory=8400G Forward Cost=513685 15Total Cost=553684 (100 restart

state buffers) Giewank in disk: S=84G C=84G n=40, 000,
M S] =8400Gtlellngh merd aewpriraiciied 1 ¥sto-salvggstorage system 1816 an

F] =0
to] each of the

=114750+( 3%&%@3‘%@%‘&9@ Yﬁ)&ﬂ@l@c’i&t& QQHPMn%@yitérR Ty@f dTHégcohBﬁm Jaﬁbrﬁ%%& 14f0m a

previ ous case hat G'i ewank checkpointing to disk

IS nore

expensi ve mH3relsGr beevash lt‘orcmmpmammngnqr@ @@pl:wg umtSt K02 aag shepiteraguarrayo t he
cost of in nory
and Di sk Sgggl%a%ga'?%ﬁggwatshtgg ?fltﬁlirlggt Oélgg‘gd% Use a }? glrES lsgggicglpgér %%rn%;ol ation

buf f er sp Slimveahe ther w@ﬂ@ﬁ@(husse res befwichie thes t:amenmg umis rigDatand/nr lhef flostsr)
Forward Cos% 9465S %I Cost =134654 nReadc[ F] =39710
nNWitec[F] 8562 [F] =33 nWites[F] =18 nReadc[ S] =100 nWitec[ S] =0

30nReads]| S][O_I%ZEIF nw I’I‘h%s Llu ter gt%rage syg’ r}l/ }éll%lgan g{\/feu%%g 10%/ r%gr%?’lfrfon—transnory,

10

15

20

25

30

computer readable media devices, such as storage arrays 1820 for the storage of checkpoints,
data, visual representations, results, code, or other information, for example, concerning the
implementation of and results from the methods of Figs. 3 and 10-14. The storage arrays
1820 may include any combinations of hard drives, optical drives, flash drives, holographic

storage arrays, or any other suitable devices.

[0185] Each of the computing units 1802 can have a processor 1822 and associated
local tangible, computer readable media, such as memory 1824 and storage 1826. Each of
the processors 1822 may be a multiple core unit, such as a multiple core CPU or a GPU. The
memory 1824 may include ROM and/or RAM used to store code, for example, used to direct
the processor 1822 to implement the methods discussed with respect to Figs. 3 and 10-14.
The storage 1826 may include one or more hard drives, one or more optical drives, one or
more flash drives, or any combinations thercof. The storage 1826 may be used to provide
storage for checkpoints, intermediate results, data, images, or code associated with

operations, including code used to implement the method of Figs. 3 and 10-14.

[0186] The present techniques are not limited to the architecture or unit configuration
illustrated in Fig. 18. For example, any suitable processor-based device may be utilized for
implementing all or a portion of embodiments of the present techniques, including without
limitation personal computers, networks personal computers, laptop computers, computer
workstations, GPUs, mobile devices, and multi-processor servers or workstations with (or
without) shared memory. Moreover, embodiments may be implemented on application
specific integrated circuits (ASICs) or very large scale integrated (VLSI) circuits. In fact,
persons of ordinary skill in the art may utilize any number of suitable structures capable of

executing logical operations according to the embodiments.
Examples:

[0187] The Society of Exploration Geophysicists (SEG) Advanced Modeling
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This solution saves 100 restart state checkpoints to disk and does 156
restores of restart checkpoint information fromdisk. An additional 18
restart sweatelichewkpoi nts are done in RAM A total of 3BCrasta@n®283perati ons
are done on the restart state checkpoints in RAM No 5correlation buffers
are saved to disk. [0194] The next two exanpl es assune a conputer

envi ronnent that can support only 10 restart state buffers in RAM and 50
restart state buffers on disk. In this environnment, the E{esent i nvention

can provi déSEANpesype desciibgl i theeBagkampyndivaetion irae loe peirked wgns Crigvady with

al | check- poiiit$" Sy diftifd Whg 1Qsifx afiB! Brelnt Gvemik b MMedBLY compaG Fast
Menor y=840G Forward Cost=269620 Total Cost=309619 (10 restart state
buffers) toHRamtiops]) =24586 nWitec[ F] =14547 nReads[ F] =15413

nWites[F] =10039 nReadc[ S] =0 nWitec[S] =0 nReads[S]=0 nWites[S] =0 Exanpl e
H  Optimal [9188Menor yThgndraBheRvesB46 P cher g avehomythed Gt gaves a8 tea her

state Ok C i . S ry.= St £l t t
cor ol 2P onCBuPF LE i by I GUREGRER NEIR FnfTuh 1855 o BbRR
nReadc[ F] =3@888aca\WolungcfrFpudf3d 236 pRelaydsy ¢ dathd Erafipies $pi-jonBOR iMeadSEAS) =266
nWitec[S]5 =33 LLe =266 . 4 1/ 028350
The cos'E Lf_d Qtta %ﬁ%ﬁ%@lg%ﬁ% VCVS%HTLL %f\lﬁfeﬂ?no& \%\élrd %Xqﬁ%fgg%%‘é%? C?V%g% %Iélvtggt% %(%\Hé%ul se
wavefiel d theckipoanipg eo BAMswizensRa®dispvanf liniBs iowexe dohphrei o Exaript @f Gie The
full RTM application . for Exanple H has a speedup of 1.97x over that in

bl
Exanpl e G PRUYFEEI R !HBxt two exanpl es assume a conputer environment that

uffers

can suppor y 5 rest.aar, e in, RAM 5 restart stat
ot or 200n 10/38)Y P reRESBAYT RIR] Entiehiol b Bietate ROV AR ERuRior?t fide 4
speedup of dAak%x "Serméndsyi @daRdaneira ko tifircadingtor ati€igy a wistakt saltd buffer to

check- poi ntdlsskslsaf\ll\%dcoistnunﬁél\t/llle ch)éta ormlea%in‘]g: or %ritﬁ\é\aaggrrélgtiom@{ey frosrﬁ BdflsEis two, and
that the cost of computing a forward time step is one and the cost of doing a backward time

step is one. The cost of reading or writing a restart state buffer or correlation buffer using

15 RAM is taken to be zero. Also, an S/C ratio of 12 is assumed. The "Forward Cost" is the

number of cost units required to provide the forward simulation information in time-reversal

order and includes both the cost of forward time stepping and the cost of doing store and

restore operations. The "Total Cost" is the number of cost units required to do both the

forward simulation time reversal and backward time stepping to implement RTM.

20  [0190] The following information is tabulated for each example. The algorithm used
needs to compute the number of store and restore operations for each type of memory and for
cach type of operation. This information is used to compute the cost of the forward
simulation time reversal. The algorithm used provides a Griewank solution whenever C is
greater than or equal to S. In that case, the full state check-points done by Griewank that

25  could have been done by only storing the information needed for doing a correlation are

reported by the algorithm as if they were stores of correlation information.

nReadc[F] The number of restores of information
needed for doing the correlation

computation from fast memory

nWritec[F] The number of stores of information needed
for doing the correlation computation to fast

memory

nReads[F] The number of restores of full restart states
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10Fast Menory=420G Forward Cost =483735 Tot al

buf f ers)

nReadc[ S]wO0 2nWi4b®e[ S] =0 nReads[ S] =0 nWites[ S| =0 15 Exaaplus2i:1/023366 nal

Cost =523734 (5 restart

state

nReadc|[ F] =12113 nWitec[ F] =3224 nReads[ F] =27886 nW i t es[ F] =8889

Menory and Di sk S=84G C=7G Fast Menory=420G use as either state or
correlation buffers) 20Sl ow Menory=2100G use as either state or correl ation

buffers) Forward Cost=138318 Tot al

Cost

=178317 nReadc[ F] =38915

in

NWitec[ F]=38830 nReads[F] =176 nWites[F] =85 nReadc[S] =350 nWitec[S]=0
nReads[ S] 3558 nWites[ S| =350 25 | 0196] Thef“?’ibfﬁft rT’tei?(lﬂr)’exarrpl es assune a
conput er efyi-repfeRt—that—ean—Suppert—oen estari_siatebaffers—in RAM
and 10 re%ar”%eg[ Ttat e buffers on disk. In T*}%”é‘memﬂ fonment, th S"’lesegent
invention|can provide a speedup of 5.7x OPEMeRow | ewank check- poi nti ng
strategy Wth a[' | check—potnts——savedin ’\h'\" 30V ﬁf :
2011/ 14616 IBCFFD52011/ 028350 Exanpl e L: (& Fenanic’ i o ISy shipfpaton | st
Menmor y=168G Forwar d Cost= 1804685 5Tot al f@?@dengMGSQI”S(Z t estRreaten at e
buffers) |nReadc[F]=1914 nWitec[ F] =62 nReagsthtch#380Bo naWbiyt es[ F] =1852
nNReadc[ S] ¥0 nWitec[S]=0 nReads[S]=0 nW ] tes[S] =
nWritec[S] The number of stores of information needed
for doing the correlation computation to slow
memory
nReads[S] The number of restores of full restart states
from slow memory
nWrites[S] The number of stores of full restart states to
slow memory
[0191] The three examples labeled A, B and C compare (1) the computer cost of a
time-reversal strategy using Griewank check-pointing to RAM, (2) the present invention
using only check-pointing to RAM, and (3) the present invention using check-pointing to
5 both RAM and disk. These examples assume that # is equal to 40,000 time steps and a
computer environment that can support 100 restart state buffers in RAM and 100 restart state
buffers on disk. The present invention can provide a speedup of 1.30x over the Griewank
check-pointing strategy with all Griewank check-points going to RAM.
Example A: Griewank in Memory
10 S=84G
Fast Memory=8316G (99 state buffers)
Forward Cost=114750
Total Cost=154646
nReadc[F]=39248 nWritec[F]=38540 nReads[F]=751 nWrites[F]=708 nReadc[S]=0 nWritec[S]=0
15 nReads[S]=0 nWrites[S]=0

Example B: Optimal in Memory
S=84G

C=7G
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Exanple M Optimal in Menory and Di sk 10S=84G C=7G Fast Menory=168G use as
either state or correlation buffers) Slow Menory=840G (use as either state
or correlwoi2on/tdofsier s) Forward Cost=280124 15Total CosPe3AB2A3/028350
nReadc[ F] =37505 nWitec[ F] =37295 nReads[ F] =757 nWites[F] =210 nReadc[ S] =461
NWitec[S]=0 nReads[ S] =1276 nWites[S] =461 [0197] The next two exanpl es
assunme a conputer environnment that can support only 20 1 restart state
buffers in RAMand 5 restart state buffers on disk. In this environnent,
the present i nvB#t Msmopas3 Hiouseas ethspede ppcoprlagoxbiiesy a G i ewank
check-pointing strategy with all check-points saved in RAM Exanple N
Gri ewank in anB‘?lV’aSl-éQﬁ— 6728FPast Menory=84G Forward Cost=7502798 Tot al
Cost =7542797 (1 restart state buffers) nReadc[F]=282 nWitec[F]=1
nReads| F] =39717Ta¥¢esE5 13281 nReadc[ S] =0 nWit ec[ S| =0 nReads[ S| =0
nWites[S]=0 30 Exarrgle 0:,(%0t_i mal in NEr_mrl%/ and Di sk WO _ , _

@%@%ﬁ% FEAYABReadR AtV N esHR T4 LB oREFIGEE NYEeEPFRer state
,

2011/ 14 161PC’]’PQE%$;(¥:%
or corr8latidh Buffe Sl ow Menory=420G (use as either state or
correlation buffers) 5Forward Cost=336109 Total Cost=376108

The use of correlation buffers provides a 1.44x speedup for the forward simulation time

reversal and an overall speedup of 1.29x over using "Griewank in Memory" for doing RTM.
Example C: Optimal in Memory and Disk
10 S=84G
C=7G
Fast Memory=8316G (use as either state or correlation buffers)
Slow Memory=8400G (use as either state or correlation buffers)
Forward Cost=79163

15 Total Cost=119162

nReadc[F]=39934 nWritec[F]=39934 nReads[F]=1 nWrites[F]=0 nReadc[S]=32 nWritec[S]=0
nReads[S]=32 nWrites[S]=32

[0192] Although the disk space available can hold 100 restart state buffers or 1200
20  correlation buffers, the algorithm of the invention chooses to use only 32 restart state buffers
on disk. The high cost of doing input and output operations to disk discourages the algorithm
from using all of the disk space that is available. Most of the speedup in this case comes
from the S/C ratio and only an incremental speedup is gained from having disk available.
Example C provides an overall speedup of 1.30x over using "Griewank in Memory" for

25  doing RTM.

[0193] The next three examples assume that # is equal to 40,000 time steps and a
computer environment that can support 20 restart state buffers in RAM and 100 restart state
buffers on disk. Note that the RAM available is smaller than in the examples above and that
the advantage associated with this invention is greater. The present invention applied in
30 Example G can provide a speedup of 1.67x over the Griewank check-pointing strategy with

all Griewank check-points going to RAM in Example D and an even larger speedup over the
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nReadc[ F] =35758 nWitec[ F] =35758 nReads[ F] =9 nWites[ F] =0 nReadc[ S] =1262
NWitec[S] =0 nReads[ S] =2970 nWites[S]=1262 10[0198] The final two exanpl es
assume a worgput®sieenvi ronnent that can support only 0.5PCE&4AiSari/02g3ae e
buffers in RAMand 2.5 restart state buffers on disk, the present invention
can provide a speedup of 893x over a Giewank check-pointing strategy with
all check-points saved in RAM Exanple P:. Giewank in Menory 15S=84G
Fast Menory=42G Forward Cost=8000200 Total Cost=8000600 (0 restart state
buf fers)  Griewank checlrReigtieg wtiatagy vah; allerieyant chiekarpatEpeing 0odisk iy Eragpier] =0
nReadc[ S| =@ nWitec[ S| =0 20nReads[ S| =0 nWites[S]=0 Exanple Q Optinal in
Menory and Di sk S=84G C=7G 25Fast Menory=42G use as correl ation buffers)

Sl ow Menor yz2l06H: érRwask BiNidisystate or correlation buffers) Forward

Cost =855154 Tot al Cost=895153 nReadc[ F] =21768 nWitec[ F] =21768
nReads[ F] =27 nWi¢gs[ F] =0 nReadc[ S] =14604 30nW i t ec[ S] =14254 nReads[ S] =3600
nNWites[S] =350 WO 2011/ 146161PCT/ US2011/ 028350 Thus an al gorithm of the
present si nvent i p MenRR)-8 680G URG84PLATEui§SS than a restart state buffer
if it is enough to contain a correlation buffer. [0199] Wiile the present

t echni ques may pg&wakbCEg&Rtigbds to various nodifications and 5 alternative
forms, the exenplary enbodi nents di scussed above have been shown only by
way of exanpl e. THawexenyshds shoul d agai n be understood that the present
techni ques are not intended to be Iimted to the particular enbodi nents

di scl osed herReRdc[H3d2Bahwrited®]-R788 BRdadb[EIESI2YH QUeSs[FRsd3E drRezatis-al t er nat i ves,
nodi fi cat i onsywran({b-@qReaa|Sgotrsvritealsi#-ong within the true spirit and scope of
the appgnded claims. WO 2011/146161PCT/ US2011/028350 APPENDI X A [0200] The
source code shown below is a nave inplenentation of the optinmal check

Example E: Griewank on Disk
S=84G
Slow Memory=8400G (100 restart state buffers)
Forward Cost=513685

15 Total Cost=553684

Griewank in disk: S=84G, C=84G, n=40,000, M[F]=0, M[S]=8400G (100 Buffers)
Forward cost=513685 =114750+(39248+38540+751+708)*5 (Computed from adding the I/O cost

from a previous case)

Note that Griewank checkpointing to disk is more expensive than Griewank checkpointing to
20 RAM in this example due to the cost of input and output operations to disk.

Example F: Optimal in Memory and Disk

S=84G
C=7G
25 Fast Memory=1680G (use as either state or correlation buffers)
Slow Memory=8400G (use as either state or correlation buffers)

Forward Cost=94655
Total Cost=134654

nReadc[F]=39710 nWritec[F]=39692 nReads[F]=33 nWrites[F]=18 nReadc[S]=100 nWritec[S]=0
30 nReads[S]=156 nWrites[S]=100
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poi nting strategy of the present invention wth just the addition of the
concept of a "correlation buffer” to that of the "state buffer" for
denonst r avpant1ofs6tehe | dea. 5cl ass Anal yzer{ private: i nPCm/US28,10p8350t ** | nt
di mension 1, dinension2; 10public: Analyzer(int n, int c, int s, int M
):n(n),C(C),S(S ),MM) dinensionl = n+1;

di mensi on2 = n+1; if(dinensi on2<M S+1) di nension2 = M S+1; 15 = new
i nt*[di mensionl]; for(int a=0; a<di nensionl; a++) j[a] = new int]
di mension2 ]; for(int b=0; b<dinmension2; b++){ 20j[a][b] =-2; 111

-Anal yzer(){ /*code for deallocating buffer j not shown here for
si npl i ci t yThispolrgpmsavey 108trestart state cheskpoisolo divsrand dedsdS eestorgstof Fistadr t =0)

i f (n<di mengja %zlﬁt&nﬂﬁﬁgiom;m an2 &ﬁala&aﬂl&mlé rest%néf&te'chg’akb&ms aFEIHE th

[n][ns] i T( return 2*n; if return -1; 30int
CO stl J_ R i tored pf 33 igigrecopepRons are]_donp ml tl@é@ﬂtq{t s;tate q_heckpomts in RAM. No

5 correlation buffers are saved to disk.

[0194] The next two examples assume a computer environment that can support only
10 restart state buffers in RAM and 50 restart state buffers on disk. In this environment, the
present invention can provide a speedup of 1.97x over a Griewank check-pointing strategy

with all check-points saved in RAM.
10  Example G: Griewank in Memory
S=84G
Fast Memory=840G (10 restart state buffers)
Forward Cost=269620
Total Cost=309619

15 nReadc[F]=24586 nWritec[F]=14547 nReads[F]=15413 nWrites[F]=10039 nReadc[S]=0
nWritec[S]=0 nReads[S]=0 nWrites[S]=0

Example H: Optimal in Memory and Disk

S=84G

20 C=7G
Fast Memory=840G (use as either state or correlation buffers)
Slow Memory=4200G (use as either state or correlation buffers)

Forward Cost=116736
Total Cost=156735

25

nReadc[F]=39356 nWritec[F]=39327 nReads[F]=44 nWrites[F]=29 nReadc[S]=266 nWritec[S]=0
nReads[S]=333 nWrites[S]=266
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int bestcostb = -1; for(int k=1; k<=n-1; k++){ 35int costa = J(n-k,ns+1);

int costb = J(k-1,ns); if(costa<O Il costb<O continue; int cost =
k+cost a+2woastih46i6li ( cost <cost2 Il cost2==-1){ 40cost 2 =PCOAIS2018383K0 = Kk
bestcostb = costb; 1 1 45int cost = -1; if(costl<0 && cost2<0){ cost = -1;

}else if( (cost2>=0) && (cost2<=costl Il cost1l<0) if(bPrint){
printf("Advance % steps fromstate %l to state % (J=%l)\n", bestk,
nstart, nstart+bestk, bestk); printf("Take snapshot of state %d \ n",
nst ar t +bestliky cosyprthe g kevaealiof the fgavardriopreptineaciggtionpylse werqficReekwar d

adj oint st @Txgmﬂ'leﬁlgag als ee%{ﬁip §873k) ove PREL iR |E§£rﬁpl_% l@fr €he i1l RIS Qﬁﬂlf&gﬁﬁtf&) :
printf("Rel ease state % buffer, Backward adjoint state 1 step to % (J1

Y\ n, nst ar tExpaple ki hay gspactlubelst k/x ovyr thygrin AxdniplRest ore state % \ n",
nstart); J(bestk-1, ns,true, nstart); 101 cost = cost2; }else if(
(cost 1>=0) (5] cost TKeqwst tHo|cxamplss P&@he a computer environment that can support only

5 5 restart state buffers in RAM and 25 restart state buffers on disk. In this environment, the
present invention can provide a speedup of 2.9x over a Griewank check-pointing strategy

with all check-points saved in RAM.
Example J: Griewank in Memory
S=84G
10 Fast Memory=420G (5 restart state buffers)
Forward Cost=483735

Total Cost=523734

nReadc[F]=12113 nWritec[F]=3224 nReads[F]=27886 nWrites[F]=8889 nReadc[S]=0
nWritec[S]=0 nReads[S]=0 nWrites[S]=0
15

Example K: Optimal in Memory and Disk

S=84G

C=7G

Fast Memory=420G (use as either state or correlation buffers)
20 Slow Memory=2100G (use as either state or correlation buffers)

Forward Cost=138318

Total Cost=178317

nReadc[F]=38915 nWritec[F]=38830 nReads[F]=176 nWrites[F]=85 nReadc[S]=350 nWritec[S]=0
nReads[S]=558 nWrites[S]=350

25

[0196] The next two examples assume a computer environment that can support only
2 restart state buffers in RAM and 10 restart state buffers on disk. In this environment, the
present invention can provide a speedup of 5.7x over a Griewank check-pointing strategy

with all check-points saved in RAM.

30
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if(bPrint){ printf("Wthout checkpoints to correlate % steps with nenory
constrataint % (J=%)\n", 15n, Mns*S, costl); 1 cost = costl; 1

i f(n<di mawmeizonli4&&k1ns<di mensi on2) j[n][ns] = cost; 20rePraTrUSecadn283io i nt

J nocp(int n, int ns) if(n0) return 0; 25if( Mns*S<0 ) return -1; int
navai |l abl ebuf = (Mns*S)/C + 1; int nsweep = n/navail abl ebuf; int nremain
n- nsweep*navai | abl ebuf; return) n+ n+navail abl ebuf *( 1- nsweep) )*nsweep/2 +
nremain + n - 1; 301 int main(int argc, char** argv) int n = 55; if(argc>1)
n = atoi ( &xgUplelL: Pricwsmikip Memory0: jf(arge>2) C = atoi( argv[2] ); int S =
10; if(argc>3) S = atoi( argv[3] ); int M= 20; if(argc>4) M= atoi (
argv[4] ): Anal yz%GC anal yzer(n,C,S,M; int J = analyzer.J(n, O, true);

Fast Memory=168G (2 restart state buffers)
Forward Cost=1804685

5 Total Cost=1844684
nReadc[F]=1914 nWritec[F]=62 nReads[F]=38085 nWrites[F]=1852 nReadc[S]=0 nWritec[S]=0
nReads[S]=0 nWrites[S]=0
Example M: Optimal in Memory and Disk
10 S=84G
C=7G
Fast Memory=168G (use as either state or correlation buffers)
Slow Memory=840G (use as either state or correlation buffers)
Forward Cost=280124
15 Total Cost=320123

nReadc[F]=37505 nWritec[F]=37295 nReads[F]=757 nWrites[F]=210 nReadc[S]=461
nWritec[S]=0 nReads[S]=1276 nWrites[S]=461

[0197] The next two examples assume a computer environment that can support only
20 1 restart state buffers in RAM and 5 restart state buffers on disk. In this environment, the
present invention can provide a speedup of 20x over a Griewank check-pointing strategy with

all check-points saved in RAM.
Example N: Griewank in Memory
S=84G
25 Fast Memory=84G (1 restart state buffers)
Forward Cost=7502798

Total Cost=7542797

nReadc[F]=282 nWritec[F]=1 nReads[F]=39717 nWrites[F]=281 nReadc[S]=0 nWritec[S]=0
nReads[S]=0 nWrites[S]=0
30
Example O: Optimal in Memory and Disk
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40printf("totalcost = % \ n", J); return O; 1 WO

2011/ 146161PCT/ US2011/ 028350 APPENDI X B [ 0201] Thi s source code provi des an
exanpl e iwplenerswti on of the present inventive nethod Potarspanarsng a

two-| evel storage optimal check pointing strategy. _int mn(int x,
int y){ if(x<y) return x; return y;} 5int max(int x, int y){ if(x>y) return
X; returny; 1 int round(float x){ int a = (int)x; if(x<a-0.5) return a-1,

i f(x<a+0.5) return a; return a+l;} class CPAnal yzer private: 10bool

boptinmal; int nS=8G S nSBuf[2], M2]; float W[2], Rs[2], W[2], Rc[2];

fl oat* pJ[2][2] fl oat* pJnocp[Z] int* pBestK[2][2]; public:

std: :vector<i nt ST@structions; 15|nt nReadc[ 2], nWitec[2], nReads|?2],
nVV|tes[2] voi d clear({% i nstructions.cl ear

nReadc[ 0] =nReadE$s1 M B4€[ 0] nwﬁuﬁ%@[qqlerﬁﬁéea%@aflaﬁméa@%{si] =nW i t es[ 0] =nW
rites[1]=0; 1 CPAnaIyzer (int n_, int int MJ float W_1], fl oat
Rs [], float W;SIP}V Memerar4 306 qg5¢ aﬂb%lpr %@9% Wwelﬁu@% bdters)

‘n(n_ ) C(C),S(Ss) quglnalgbCptlnal_) 20for(int i=0; i<2; i++){

Mi]=MPi]: nssﬁma]d SR IPn- 1) *C/S+1, Mi]/S); V[i]=w_[i];

Rs[i]=Rs [i]; % Re[i]=Rc_[i]; 1 int no =
(n+1) * (nSBuf [ 0] Iqty Q%Sﬁ ?% 8] +1) :

nReadc[F]=35758 nWritec[F]=35758 nReads[F]=9 nWrites[F]=0 nReadc[S]=1262 nWritec[S]=0
nReads[S]=2970 nWrites[S]=1262

10  [0198] The final two examples assume a computer environment that can support only
0.5 restart state buffers in RAM and 2.5 restart state buffers on disk, the present invention can
provide a speedup of 893x over a Griewank check-pointing strategy with all check-points

saved in RAM.
Example P: Griewank in Memory
15 S=84G
Fast Memory=42G (O restart state buffers)
Forward Cost=8000200
Total Cost=8000600

nReadc[F]=0 nWritec[F]=0 nReads[F]=39999 nWrites[F]=0 nReadc[S]=0 nWritec[S]=0
20 nReads[S]=0 nWrites[S]=0

Example Q: Optimal in Memory and Disk
S=84G
C=7G
25 Fast Memory=42G (use as correlation buffers)
Slow Memory=210G (use as either state or correlation buffers)
Forward Cost=855154
Total Cost=895153

nReadc[F]=21768 nWritec[F]=21768 nReads[F]=27 nWrites[F]=0 nReadc[S]=14604
30 nWritec[S]=14254 nReads[S]=3600 nWrites[S]=350
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25for(int startType=0; startType<2; startType++){ pJnocp[startType] = new
float[no]; for(int k=0; k<no; k++) pJnocp[startType][k] = for(int kType=0;
kType<2; wOppaH4#$fe1pl[ start Type] [ kType] = new fl oat[ no] PCT/US2011/028350
30pBest K[ start Type] [ kType] = new int[no]; for(int k=0; k<no; k++){
pJ[start Type] [ kType] [k] = pBestK[startType][kType][k] = 1 35 for(int i=2;
i<=n; i++){ if(i%0==0) printf("constructed table for <% states (total no
of states:%)\n", i, n); for(int nfUsed=nSBuf[0]; nfUsed>=0; nfUsed--){
40f or (i nt nsUsed=nSBuf[ 1] ; nsUsed>=0; nsUsed--){

Jwi t hcp<O0, @h(dn algdritae df M6 beeeht 1nvé1¥bioﬁlh§ﬂﬁé)tolls@§t6ﬂag@fe§é&ﬁﬁm ekis@ ckhte buffer

Jw t hcp<l, 0,.0>(i, nf Used, nsUsed \gnéjhc p<1,1,0>(i,nfUsed, nsUsed); 45 50 1 1
1 1 - CPAnalyizisfpgugh "‘R%qnéaé%%c‘?ré“ﬁ’(?fl Ydded here for conveni ent dempnstration

*
ﬁi ( Incsigﬁf f %]lﬁl%’k I( ?éEqulﬂq H’f)meﬁe‘tt ﬁ@gsﬁlﬂw] n'lﬁr%'/} @25355%% %%?ﬁ%ﬂrf}wydlﬂcamns and
(nSBuf [ 8] - agdsa&a[Y; fhrms, the exemplary embodiments discussed above have been shown only by
way of example. However, it should again be understood that the present techniques are not
intended to be limited to the particular embodiments disclosed herein. Indeed, the present
techniques include all alternatives, modifications, and equivalents falling within the true spirit

and scope of the appended claims.
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tenplate<int StartCP> float Jnocp(int n, int
return lel O; printf("Jnocp for

m n( n- m rwof2ed1y146rett t f =(nf c==
m n(n-mnf, mnsc);int ts=(nsc==

n=%!\n", n);

0) ?0: (nfinfc);
0) ?0: (ns/ nsc);

m int nfc, int nsc) if(n<=0){
exit(0); 1 5int nf =

int if = nfPCh/usbe;/02838¢ ns =
int rs = ns-ts*nsc; float J =

(ml)*Rs[Start CP] +n¥(mt1) *0.5; J += tf*(tf+1)*nfc*0.5 + r1*(tf+1) +
nf*(WJ[O0]+Rc[0]); J += ts*(ts+1l)*nsc*0.5 + rs*(ts+l) + ns*(WJ[1l]+Rc[1]);

10return J; 1 tenplate<int Start CP,
nf Used, int nsUsed) 15f|oat* pCost A
print=

| DOf ( n, nf Used, nsUsed i f(

i nt rmpt ="round

O&&*

Infﬁh&}j

Cost >=0)

0] +Rc|

i f(nopt<n Mrmgypn’hﬁffqr" ®3hdtivh ok "siatqbpﬁfer‘r'rfmdemoqstrﬁtp

5 class Analyzer{
private:
int n,C,S,M;
int™ j;
int dimension1, dimension2;
1 O public:
Analyzer(intn_, int C_, int S_, int M_):n(n_),C(C_),S(S_).M(M_)
{
dimension1 = n+1;
dimension2 = n+1; if(dimension2<M/S+1) dimension2 = M/S+1;
1 5 j = new int*[dimension1];
for(int a=0; a<dimension1; a++)
{
jla] = new int[ dimension2 J;
for(int b=0; b<dimension2; b++){
20 ffallo] = -2:
}
}
}
~Analyzer(}{ /*code for deallocating buffer j not shown here for simplicity*/ }
25 int J(int n, int ns, bool bPrint=false, int nstart=0)
{
if(n<dimension1 && ns<dimension2 &&j[n][ns]!=-2 && !bPrint) return j[n][ns];
if( M-ns*S>=n*C ) return 2"n;
ifl M-ns*S< 0 ) return -1;
30 int cost1 = J_nocp(n, ns);
long cost2 = -1;
int bestk = -1;
int bestcostb = -1;
for(int k=1; k<=n-1; k++){
35 int costa = J(n-k,ns+1);
int costb = J(k-1,ns);
if(costa<0 || costb<Q) continue;
int cost = k+costa+2+costb;
if(cost<cost2 || cost2==-1){
40 cost2 = cost;
bestk = k;
bestcostb = costb;
}
}
45 int cost = -1;

if(cost1<0 && cost2<0){

cost =

KN

} else if( (cost2>=0) && (cost2<=cost1 || cost1<0) ¥

if(bPrint}{
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int> float Jnocp(int n,
XSt art CP] +

return *pCost; int nfc
(M 0] - nf Usd0R08) / C. i He sauise codepphayn h@lo)géw mjiyecimyylgprenigtion pf the gptinplshecky:

nfmo] = n; potifiRe Etratg%’ fof Qfléét g%s%négﬂ&%ﬂi%n wﬁ'fvéﬁbft Ctﬁt’:l')addlltlgl( W thOf i

/ (nfc+l)
]te:1¢ﬁ‘ m10++

i nt

1

FF o1+



if(nsc>0){ 30int nms = n/(nfc+nsc+l); if(ms*(nfc+nsc+l)<n) ns = ne+1l; int
nmopt = round( (

nsc* Rs[ Stwiot2CR)HAtel 1+nf c) +nsc* (1+nf c) * (W[ 1] +Rc[ 1] ) - nscPofTarsemaod3sic[ 0] ) )
[ ((nfc+l)*(nfc+nsc+l)) ); if(mopt<nimo-1] && nopt>ns){ 35n{ Mmo] = nopt;
mo++; 1 nfmo] = ns; mo++; 1 float bestcost=1 el 0; int bestm=-1;

40for (int i=0; i<mo; i++){ for(int j=-1; j<=1; int mm= nfi]+j;

if(mmxn{mo-1] Il nmen{0]) contijnue;, float cost = Jnocp<StartCP>(n, nm
tf("Advance %d stepsfrom ate %d to state %d( =%d )\ k nstart nstart+bestk be th);
nfc, nsc); 45|f(cost>bestcost5 continue. " bestcost = cost: best mm 11

if(print){ 50int m = bestny i Attdsmammoffisud MadlsRf C) ; | nt
tf=(nfc==0)7?0: (nfinfc); int rnosnhstufe nfisgeso:
5 printf("Backward adjoint state 1 step to %d (J=1), correlate there \n", nstart+bestk);

printf("Release state %d buffer, Backward adjoint state 1 step to %d (J=1)\n", nstart+bestk, nstart+bestk-

printf("Restore state %d\n", nstart);
J(bestk-1, ns, true, nstart);
10 }
cost = cost2;
lelse if( (cost1>=0) && (cost1<=cost2 || cost2<0) ¥
if(bPrint){
printf("Without checkpoints to correlate %d steps with memory constrataint %d (J=%d)\n",
1 5 n, M-ns*S, cost1);
}
cost = cost1;

}
if(n<dimension1 && ns<dimension2) jin][ns] = cost;
20 return cost;
}
int J_nocp(int n, int ns)
{
if(n==0) return O;
25 if( M-ns*S<0 ) return -1;
int navailablebuf = (M-ns*S)/C + 1;
int nsweep = n/navailablebuf;
int nremain = n-nsweep*navailablebuf;
return ( n+ n+navailablebuf*(1-nsweep) )*nsweep/2 + nremain + n - 1;
30 }
I
int main(int argc, char** argv)
{
int n = 55; iffargc>1) n = atoi( argv[1] );
35 int C = 10; if(argc>2) C = atoi( argv[2] );
int S = 10; if(argc>3) S = atoi( argv[3] );
int M = 20; if(argc>4) M = atoi( argv[4] );
Analyzer analyzer(n,C,S,M);
int J = analyzer.J(n, O, true);
40 printf("totalcost = %d\n", J);

return O;
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int ns = mn(n-mnf,nnsc);int ts=(nsc==0)7?0:(ns/nsc); int rs = ns-ts*nsc;
printf("2 % %F %S, ", n, mn(nf,nfc), mn(ns,nsc));
i nstruct iworpuhishack(2); instructions. push_back(n); PCT/US2011/028350
5i nstructions. push_back(m n(ntnfc)); nReadc[ 0] +=m n(nf, nfc);
NWitec[ O] +=m n(nf,nfc); instructions. push_back(m n(ns, nsc));
nReadc|[ 1] +=m n(ns, nsc); nWitec[ 1] +=m n(ns, nsc);
if(n-1-mn(nf,nfc)-mn(ns,nsc)>0){ nReads[StartCP] ++; printf("3 %, ",
(StartCP==0)7F :'S'); 10instructi ofesPPENDIBaB(3);
i nstructions. push_back(Start CP);
Jnocp<St ar {@B]1pr i nt S[his dourderOdf prodidys-amicrimpsle nsE}maftifoads delgsad)t;invknive
15*pCost = best.cost; return bestcost:; t |.ate<int StartType, int KType,
o ot o TRIRMC e e R R Db R R LBeui 50 | P e netD) ¢ 1 ke
lel O; } if{KINPETED && AfUsed>=nSBuf[ KType]){ return 1 el 0; 1 if(KType==1
&& nsUsgd>znSBuf.LiktyRel ddfeturn 1 el 0; | float* pCost =
pJ[ St ar t Ty pel bdSTY R it POL(N. REMS el Nallsed) ;. 25i f (print==0 &&*pCost >=0)
return *pCostcad L(n==2){ *(pBestK[ StartType] [KType] +
| DOf (n, nf Used, nsUsed)) = 1; *pCost = 1 + W[KType] + 1 + Rc[KType]; return
*pCost; 30
1 O bool bOptimal;
intn, C, S, nSBuf[2], M[2]; float Ws[2], Rs[2], Wc[2], Re[2];
float* pJ[2][2]; float* pJnocp[2]; int* pBestK[2][2];
public:
std::vector<int> instructions;
1 5 int nReadc[2], nWritec[2], nReads[2], nWrites[2];
void clear(){ instructions.clear(); nReadc[0]=nReadc[1]=nWritec[0]=nWritec[1]=nReads[0]=nReads[1]=nWTrites[0]=nWrites[1]=0; }
CPAnalyzer(int n_, int C_, int S_, int M_[], float Ws_[], float Rs_[]. float Wc_[], float Rc_[], bool bOptimal_=true)
:n(n_),C(C_),S(S_).bOptimal(bOptimal_)
20 for(int i=0; i<2; i++){
Mil=M_[il; nSBuUf[i] = min( (n-1)*C/S+1, M[il/S);
Wsl[il=Ws_[i]; Rs[i]=Rs_[i]; We[]=Wc_[i]; Re[]=Rc_[i;
i
int no = (n+1)*(nSBuf[0]+1)*(nSBuf[1]+1);
25 for(int startType=0; startType<2; startType++)}
pJnocp[startType] = new float[no];
for(int k=0; k<no; k++) pJnocp[startType]k] = -1;
for(int kType=0; kType<2; kType++){
pJistartType][kType] = new float[no];
30 pBestK[startType][kType] = new int[no];
for(int k=0; k<no; k++){
pJstartType][kType][k] = -1;
pBestK[startType][kType][k] = -1;

35 }
}
for(int i=2; i<=n; i++){
if(i% 10==0) printf("constructed table for <%d states (total no of states:%d)in", i, n);
for(int nfUsed=nSBuf[0]; nfUsed>=0; nfUsed--}
40 for(int nsUsed=nSBuf[1]; nsUsed>=0; nsUsed--}{
Jwithcp<0,0,0>(i,nfUsed,nsUsed);
Jwithcp<0,1,0>(i,nfUsed,nsUsed);
Jwithcp<1,0,0>(i,nfUsed,nsUsed);
( )

Jwithcp<1,1,0>(i,nfUsed,nsUsed);

45 }

}
~CPAnalyzer(){/*Release is not added here for convenient demonstration of idea*/}

50 int IDOf(int n, int nfUsed, int nsUsed){return n*(nSBuf[0]+1)*(nSBuf[1]+1) + (nSBuf[0]-nfUsed)*(nSBuf[1]+1) + (nSBuf[1]-nsUsed);}
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i nt previousk
next nf Used

km n, deltak=1

k>=km n;

J<KType, print>(n- K.

| DOf (N,

int print> float J(i
of states beyond limt
costhlelo,costszlel

(pBest K[ St art Type] [ KType] + 1DOf (n-1, nf Used, nsUsed) );
nf Used+( (KType==0) ?1:0); int nextnsUsed =
nsUsed+( (WOppa#2d)6?1l: 0); fl oat bestcost = | el0; int besPkI/IB20N02435®0X,
i nt searchdistance = (S/C+l1l)*2; kmax =
m n( previ ousk+sear chdi stance, n-1); km n = max(previ ousk-searchdi stance, 1);
if( ('bOptimal) && (n>S/C*20) ){deltak = max(S/C, 1);} 40for(int k=kmax;

K- deItak;L | oat cost = k + W[ KType] +
n gxtnsLbed) + Rc[ KType] + Rs[StartType] +
J<StartType, prlnt>(IJ<"°°p'n nt USed, nsUsed) ; |f( cost <bestcost-le-4 ){ bestcost
cost; bestk=k; 4550 11 *pCost =
gf Used, nsUsed

te<|nt Sta rt%P

nt nfc |(1t ns

best.c
’) {return e10; printf(" Jnocpforn %d"n", n eit
t

nf £ min(n-m, m nfc |nt ta(n c==0)70: nf/nfc) |nt rf nf- t'F'nf:i
|nI?ts 61 nf tts— n§p=§ ’?6 ns/nsc) Lrs ns-ts*n
”(ﬁ 8; n t >nj;exit(0);} float
floa Rs[s rtC +m m+1 :d.5;

Jwi t th<St artType, O,j >tF’(tf+1 nfc]QEUSrr'rH +nf"V\fc ]+Rcajﬂ,)

10

15

20

25

30

35

40

45

50

}

ts( ts+1 )*nsc*0.5 + rs*( ts 1 +ns (Wc[1]+R.

return J;

template<int StartCP, int print>

float Jnocp(int n, int nfUsed, int nsUsed)

{

float* pCost = pJnocp[StartCP] + IDOf(n,nfUsed,nsUsed);
if(print==0 && *pCost>=0) return *pCost;
int nfc = (M[0]-nfUsed*S)/C; int nsc = (M[1]-nsUsed*S)/C;
int m[11]; int mno = 0;
m[mno] = n; mno++;
if(nfc>0)
int mf = n/(nfc+1);
if(mf*(nfct1)<n) mf++;
int mopt = round( (nfc*Rs[StartCP]+n+nfc*(Wc[0]+Rc[0])}/(nfc+1) );
if(mopt<n && mopt>mf){
m[mno] = mopt; mno++;
}

m[mno] = mf; mno++;

if(nsc>0)
int ms = n/(nfctnsct+1);
if(ms*(nfctnsc+1)<n) ms = ms+1;
int mopt = round( ( nsc*Rs[StartCP]+n*(1+nfc)+nsc*(1+nfc)*(Wc[1]+Rc[1])-nsc*nfc*(Wc[0]+Rc[Q]) ) /
((nfc+1)*(nfctnsct+1)) );
if(mopt<m[mno-1] && mopt>ms){
m[mno] = mopt; mno++;
}
m[mno] = ms; mno++;
}
float bestcost=1e10; int bestm=-1;
for(int i=0; i<mno; i++)
for(int j=-1; j<=1; j#+}
int mm = mli]+j;
if(mm<m[mno-1] || mm>m[0]) continue;
float cost = Jnocp<StartCP>(n, mm, nfc, nsc);
if(cost>bestcost) continue;

bestcost = cost; bestm = mm;

if(print){
int m = bestm;

int nf = min(n-m,m*nfc); int tF=(nfc==0)?0:(nf/nfc); int rf = nf-tf*nfc;
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5costS = Jwithcp<Start Type, 1, 0>(n, nf Used, nsUsed) ;

Jnocp<Start Type, 0>(n, nfUsed, nsUsed); float bestcost = c
i f(cost OwoxnHHlet4 && cost O<cost S+le-4){ 10bestcost =
i f(cost S<cost F+1le-4){ bestcost = costS; kType = 1; }els
O; 1 if(print){ if(bestcost==costO)/{

20Jnocp<Start Type, print>(n, nfUsed, nsLBed)' }else{ nW

costF; kType

nReadc[ kType] ++;

nReads[StartT

| DOf (n, nf Used, nsUsed) ); mmsmm” ££°"W “€=°°W“°ET ((KType

%d %dF n, min(nf,nfc), m1n (ns,nsc)

25i nstructions. push_ back tyuctions. push back(k);

i nstructions. push back(kType) |fngype =0) {
k, nf Used+1, yﬁ% o) G

J<Q[N|gt>(n

10

15

20

25

30

35

40

45

50

}

strt cﬂo spush

J<1 P i nt>

|nstruct|ons pu ’back (min( }f nfc)) nReiﬁc[0]+ min( r1’f ); nWritec[0]+= |n nf

costO =

ostO; int kType =
COTIUZ20 11 MRE380

e{ 15bestcost =

i tes[ kType] ++;

==0)7F ' S') );

k nf Used, nsUsed+1) ;

nfc

instructions.push_back(min(ns,nsc)); nReadc[1]+=min(ns,nsc); nWritec[1]+=min(ns,nsc);

if(n-1-min(nf,nfc)-min(ns,nsc)>0}
nReads[StartCP]++;
printf("3 %c, ", (StartCP==0)?'F"'S");
instructions.push_back(3);
instructions.push_back(StartCP);

Jnocp<StartCP,print>(n-1-min(nf,nfc)-min(ns,nsc),nfUsed,nsUsed);

}
*pCost = bestcost;

return bestcost;

template<int StartType, int KType, int print>

float Jwithcp(int n, int nfUsed, int nsUsed)

{

}

if(n<=1) { return 1e10; }
if(KType==0 && nfUsed>=nSBuf[KType]X return 1e10; }
if(KType==1 && nsUsed>=nSBuf[KType]){ return 1e10; }
float* pCost = pJ[StartType][KType] + IDOf(n,nfUsed,nsUsed);
if(print==0 && *pCost>=0) return *pCost;
if(n==2){
*(pBestK[StartType][KType] + IDOf(n,nfUsed,nsUsed)) = 1;
*pCost = 1 + Ws[KType] + 1 + Rc[KTypel;
return *pCost;
}
int previousk = *(pBestK[StartType][KType] + IDOf(n-1,nfUsed,nsUsed) );
int nextnfUsed = nfUsed+((KType==0)?1:0);
int nextnsUsed = nsUsed+((KType==1)?1:0);
float bestcost = 1e10; int bestk;
int kmax, kmin, deltak=1;
int searchdistance = (S/C+1)*2;
kmax = min(previousk+searchdistance,n-1);
kmin = max(previousk-searchdistance,1);
if( ({bOptimal) && (n>S/C*20) ){ deltak = max(S/C,1); }
for(int k=kmax; k>=kmin; k-=deltak){

float cost = k + Ws[KType] + J<KType,print>(n-k,nextnfUsed,nextnsUsed) +

Rc[KType] + Rs[StartType] + J<StartType,print>(k-1,nfUsed,nsUsed);

if( cost<bestcost-1e-4 )}

bestcost = cost; bestk=k;

}
*pCost = bestcost;
*(pBestK[StartType][KType] + IDOf(n,nfUsed,nsUsed) ) = bestk;

return *pCost;

template<int StartType, int print>

float J(int n, int nfUsed, int nsUsed)
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1 printf("1 % %, ", (kTy
i nstructions. push_back(1);
i nstruct iwoxpukbishack( St a

pe==07F :'S"), (StartType==07F :'
35i nstructions. push_back(kType);
rt Type);

S)

)

J<Start Type, pri nt >( KPCTASKsIRM?283SWsed) ;

1 40return bestcost; 1 int main(int argc, char** argv) 45int M2]; float
Rs[2], W[2], Rc[2], WI[2]; int n = 100;if(argc>1) n = atoi( argv[1l] );
printf("n=% \ n", n); int C= 12; if(argc>2) C = atoi( argv[2] );
printf("C% \ n", Q; int S = 12 if(argc>3) S = atoi( argv[3] );

printf("S=%@ \ n",

iy MO

%ot ttesbgyonihgn /d>/% ( M;h|s = at OI ( ar gV

[4] );

1

printf("MF] =% \ bt M 160“_61@0 11, ar CS) f\'t/fi] = atoi ( argv[5]
): printf("MS] %1\ N thk;m?}w s[], = 12; |f(argc>6) Rs[1] = at of (
argv[6]g); printf(" sjtﬁ e d”iue]))- VS[1] = 12; if(arge>7) W[1] =
at of ( argv[?] ) prlc?lsto TVE Ipewfur\:eun d;e Ws[1]); - 69 - Rc[1] = 1;
if(argc>8) Re[1] = atof(argul 8l J: intf("Re[S]=% \ n", Re[11); W[1] =
1; if(argc>9) WJ1] iakTeszfcfs argv[9] ); printf( Ve[S =%\n", W[1]): RS[0] =
5: if(argc>10) Rs[O]': jofatF 4(&& toQ [10]) s printf("Rs[F] =%\ n", Rs[0]); W[O0] =
5, if(apgc>11)Ws[0] = atof { ar, Tlf]“]) printfrVe[F]=%\n", W[0]); 5Rc[0] =
0.6; if?argc>12) Rc[Of—tsjét:gco argv[12]) printf("Re[ F] =%\ n" RC[O]), W[ 0]
= 0.6; |f(argc>13) \M%'ﬁs eof( argv[13]);printf("W[F]=%\n", W[0]): int

nOpti mal =1; if(argc>14) neégst e

nOptimal);: M O]

m ng{l\/[ fﬁy
CPAnal yzer anal yzer ( n,

n*C) M 1] mn(M 1],

be’stMt B;.SsthV\ﬁ RC’ \N:’ nQ)t i mal ) ,

kType = 0;

}
if(print){

if(bestcost==cost0){

iffargc>4) M[0] = atoi( argv[4] );
iffargc>5) M[1] = atoi( argv[5] );

Jnocp<StartType,print>(n, nfUsed, nsUsed);

nWrites[kType]++; nReadc[kType]++; nReads[StartType]++;
int k = *(pBestK[StartType][kType] + IDOf(n,nfUsed,nsUsed) );
printf("0 %d %c, ", k, ((kType==0)?'F"'S") );
instructions.push_back(0);
instructions.push_back(k);
instructions.push_back(kType);
if(kType==0){

J<0,print>(n-k,nfUsed+1,nsUsed);
telse{

J<1,print>(n-k,nfUsed,nsUsed+1);
}
printf("1 %c %c, ", (kType==0?'F"'S"), (StartType==0?'F"'S") );
instructions.push_back(1);
instructions.push_back(kType);
instructions.push_back(StartType);

J<StartType,print>(k-1,nfUsed,nsUsed);

= atoi( argv[1] ); printf("n=%d\n", n);
printf("C=%d\n", C);
= atoi( argv[3] ); printf("S=%d\n", S);

printf("M[F]=%d\n", M[0]);
printf("M[S]=%d\n", M[1]);

Rs[1] = atof( argv[6] ); printf("Rs[S]=%e\n", Rs[1]);

20
telsef{
25
30
35
}
}
40 return bestcost;
}
h
int main(int argc, char** argv)
{
45 int M[2]; float Rs[2], Ws[2], Re[2], Wc[2];
int n=100;if(arge>1) n
int C=12; iffargc>2) C = atoi( argv[2] );
int S=12; if(argc>3) S
M[0] = 12;
50 M[1]=12;
Rs[1] = 12; if(argc>6)
Ws[1] = 12; if(argc>7)

Ws[1] = atof( argv[7] ); printf("Ws[S]=%e\n", Ws[1]);
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atoi ( argv[14]);printf("nOpti mal =%\ n",
n*C-(M0]/C*C);



10anal yzer.clear (); float J = analyzer.J<O 1>(n, 0,0); printf("-1
\nForward Cost = %, Total Cost = % \ n", J, J+n-1); printf("nReadc|[F] =%
nNW it ec[ RBvo%li mRemwds[ F] =% nW it es[ F] =%\ n", anal yzer. nRexdsSp@]1/028350

anal yzer.nWitec[0], analyzer.nReads[0], analyzer.nWites[O0]);
15printf("nReadc[ S] =% nWitec[S] =% nReads[ S| =% nWites[S]=%\n",

anal yzer.nReadc[ 1], analyzer.nWitec[1l], analyzer.nReads[1],

anal yzer. nVV|tes[11? return 0 - 70 \\O 2011/146161PCT/U82011/028350

Rc[1 iflarge>8} Rc[1] = oft argv[8] rintf(" Rc[S] %e\n Rc[1]);
CLAI M5 1. A et hod f or Tolerin Mput ational cost of a conputer
koplntlng strategy, wherein the

. | . [ =1 |f(arg >9) Wc[1] atof( argv[9] ); prlng'Wc[S %e\n
SI mu at I On Corrpr IR%O]— 5% fargc>18§s[0] ator m l;] rin RsL] %e\n R:
checkp0|nt|ng strategy OmRr : oring a correlatlon checkpoint at a
s[0 g >1 s[0, at f(.argv[11]);printf(” Ws[F] e\n Ws[0]);
time stgp, wher ei n 1 he correl at OF ‘thec t conprises data used to

%
]1=0. 6 |f (ar c>12) Rc[0] = f(a [12]);printf("! Rc[F]— e\n Rc[O]
correlate a formar& Yagat ed v Ue gene ated by the conputer sinulation,
intf*Wc[F 1= %e\n,

ag
Wc[0] = 06 |f( rgc>18). Wc[0] = atof( a

and wherein the conputer S|nyta
timal

iy
% r&
t n®ptimal=1; if(arge> 14 = atoi( argy[14]);printf("nOpti I%d\ 1
stored in the corPépgtlbﬁci Ghécﬁbwfnfm al'Tocat'img a storage space for the
[] m| (M[O], n*C); M[1] = min(M[1], n*C-(| c
correl ati on checkpgi d
CPA alyzer analyze

unnln “he conput er simulation at each of a
pluralijpy of time s

r
C,S I\F Rs. Ws,Rc nOptima
anal{zer ar (

Bi'n €ach of the plurality of time steps:

a backwards propagat analyer<01>(Ogrornmeasured data is correlated to the

f orward 15propagat$9ﬂ¥ggﬂmnqughgh%mJJpputer sinmul ati on, wherein the

f Or V\ﬁr d pr Opagat e(gl'lntf naR.r!a lél[F °/(I:| n§Vrlte§[F]=9d nRegis[FI] °pd H\F/FIQS?:] °/(Eior r el at I On CheCprI nt 2 The

rrEt hOd Of Cl al m 1 1£anayzer!otllRfeadc[O] al I)IIQantec[] an¥lyzer.n ds[0], analygrantef[O]u l St at e CheCprI nt and

20restagting the sifulation fromthe FulT g checkpoi nt . 3. The
printf} nReadc[ 1= %d nWritec[S]=%d nReads[S] %d nertes[S] %

rTEt hOd Of Cl al m 1 f aI zer Rea ]analng tec[ g ernReads[1 anal zernWrg [1]an Optl mim l Ocatl on for

storing either a fulfy tate e d é 'Ofrel ati on checkpoi nt, wherein

t he optlnuntlocatlon IS storage space aIIocated in a graphics processor

unit (GPU) nmenory, a random 25 access nenory (RAM), a RAM disk, a disk

drive, or any conbinations thereof, and wherein the deternination of the

optinmum |l ocation is based, at least in part, on the access speed of the

st orage space.

“m%’Q

=X

Tl

i started fromthe val ues

§
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4. The method of claim1l, wherein a storage space used for the correlation
30checkpoint is less than a storage space used for a full state checkpoint.
WO 2011/ ™6261AGTI6WS2011/ 028350 5. The net hod of pclraisae11/028380 t her
conprising optim zing the checkpointing strategy by steps conpri sing:
determ ning a conputing cost associated with storing the correlation
checkpoint; mnimzing the conputing cost based, at least in part, on an
access speed for each of a plurality of storage units, and the ratio in
storage space required for a full state checkpoint to storage space
required for the correlation checkpoi®@kAIM8d generating a table conprising
the plurality of tine steps and a type of checkpoint to be stored at each
of the plurality of 4imehed dpjslowering a cemputgiionpleeprpPiof cempptas Simuliiepei n
deterniningo&ﬁﬁﬁﬁgnputing cost conprises: conputing a maxi num nunber of
correlation checkpoints that can be stored in a fast storage unit;

conputi Bg a Max}EmmHdREEKBhin M?a{e@%jxﬂﬁr&@%@‘éﬁ&kﬂéi&iﬁﬁ%te&ﬁ&n‘ﬂﬁis@s@_Ored in
a slow 15storage unit; if any correlation checkpoints can be stored in fast

storage: conpute an QR coRBRGT REKPYRCRS al fim@Nkep, USRGn fiRSloRbiRfiOe and
add to a list; conpute a m ni mum nunber of sweeps if only

using fast storage and adHeakpoipQeerapisesdataj ysedry copelets] atfPovre RepRgdidnt s
can be stored in slow st %ggﬁéne%? e ?qrﬂﬂﬁér@}fﬁ‘ig%ﬁbﬂptﬁ{d \ﬂfere?l‘{‘ﬁl%%?lbﬁteﬂr‘rg' Pg

all types of storage and addto the’lis npute an opti mal " nunbe

of sweeps if using all ofsimHgionzgernosboreagecdiiom 2Bstabick pigredtin heastrelatmm
correlqbion checkpoi nt iQh? g&h§torage, add to list if less than |ast val ue
on list; add an integer value néarest to each value on the list to the

(L et {0t SR BN ERBd  Toturn The o
conprising genefati 09, A% npTRICinfliatiBn SHORHLE 26R-HEILPAME LM SBLRM & Hat a-

of the plurality of time steps:

a backwards propagated value from measured data is correlated to the forward
15 propagated value from the computer simulation, wherein the forward

propagated value is stored in the correlation checkpoint.

2. The method of claim 1, further comprising:
storing a full state checkpoint; and

20 restarting the simulation from the full state checkpoint.

3. The method of claim 1, further comprising determining an optimum location
for storing either a full state checkpoint or a correlation checkpoint, wherein the optimum
location is storage space allocated in a graphics processor unit (GPU) memory, a random

25  access memory (RAM), a RAM disk, a disk drive, or any combinations thereof, and wherein
the determination of the optimum location is based, at least in part, on the access speed of the

storage space.

4. The method of claim 1, wherein a storage space used for the correlation

30  checkpoint is less than a storage space used for a full state checkpoint.
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58. The nmethod of claim 1, further conprising history matching reservoir
data to a reservoir simulation. 9. A nethod for conparing coll ected data
to si mul aveaodatsaie1conpri si ng: backwards propagati ng thecCtalsh@aestsadat a
across a grid; 10running a conmputer sinulation to generate forward
propagated data across the grid, wherein: a plurality of correlation
buffers are stored during the conputer sinulation; and

the sinulation cannot be restarted fromany of the plurality of correlation
15buffers; and correlating the data stored in the correlation buffers to

t he backmards propagated data at each point in the grid. 10. The nethod of
claim9, conpri&ing Stcorethgd pffgaim &t Brderc pEpRpaiZnePtHFEing ghe 1§beckpointing
205|nulat|gﬁzate §a£%5g%?55 gmulation can be restarted fromthe full state
checkpoi nt. odof claim9, further conprising: calculating a

cost for stori n@et@lfnfnﬂh% a SSALRInG PEE KRAUME wRR Ghoring the correlatiod €h&kpdifk N9 a time
step for storing a full state checkpoint based, at least in part, on the

25cost . 5 thenimi tﬁ@&&ﬂﬁmﬁé c&sk BB, bt lem%{ S ok E'@a&@s%‘é?éfeq oV QppgEt ed
data is correlated to backwards propagated data In a next tinme step. WO

2011/ 146161PCT/ US20 1nipebig 35 storpge ThiEs, mthwtleﬂn ghragquprce gt der clyhpiarsi ng:
storing a plurality g ean%' ?cfra%%g QY B $he! Brrtafi éheaipgfn%ﬁd medi um

and storing at |east on corre ckpoint 1n a s torage nedium 5

14. The met hO_d géneféltlﬂé g‘ta{lo:ﬁe %Jrﬁﬂrfsﬂﬁrth&ﬂﬁﬁh gséfqgne%t&fs Al a el ﬁac%gckﬁgﬁt I ul |

state checkpoi nt, wherein the sinulation can be rest arte fromthe tul
state checkpoi nt.  bestoredi® cachid theertliralaty of timp sfeps. 14, furt her conpr|5|ng
storing the at | east one full state 10checkpoint in a fast storage nmedi um
16. A d0stemfor correlating sinulated data to collected data, conprising:

a processor; a storage system conprising data structures representing:
. The method of claim 5, wherein determining the computing cost comprises:

computing a maximum number of correlation checkpoints that can be stored in a fast

storage unit;

computing a maximum number of correlation checkpoints that can be stored in a slow

15 storage unit;
if any correlation checkpoints can be stored in fast storage:

compute an optimal number of sweeps if only using fast storage and add to a

list;

compute a minimum number of sweeps if only using fast storage and add to

20 the list;
if any correlation checkpoints can be stored in slow storage:

compute a minimum number of sweeps if using all types of storage and add to

the list;

compute an optimal number of sweeps if using all of the fast storage and
25 storing at least one correlation checkpoint in slow storage, add to list if

less than last value on list;
add an integer value nearest to each value on the list to the list;
compute the cost for each value on the list; and

return the minimum cost.
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15neasured data; a propagation algorithmconfigured to propagate the
nmeasur ed data backwards-in-tinme across a grid; a conputer sinulation

confi gur esotoligenwnat e forward-in-tine sinul ated data aecods2eihe28356 d; and
20a nmenory, wherein the nmenory conprises code to direct the processor to:
propagate the neasured data backwards-in-tinme across the grid; populate the
gridwith forward-in-tine sinulated data fromthe conputer simulation

store a correlation checkpoint at a tine step during the conputer
simul ati on; 25and correl ate the backwards propagated data to the sinul ated
data stored in the correlation checkpoint. WD 2011/146161PCT/ US2011/028350
17. The system &f clHiemmegodwpleelding b hButhero seaRiging: GafsrIteEsay 1MpgegIoE 2cor e,
a mul tipl e gR0BaceFe bR CSsREQGESSI NG unit, or any conbi nations thereof

18. The system of claim 16, wherein the correlation checkpoint is stored in
the 5 nenory. 19. The system of claim 16, wherein the nenory

conpri ses a random access nenory (RAM, a RAM di sk, a graphics processing
unit megory, organy FRIRIRRE IR I hEFHEQ codBrising historﬁﬁateﬁb?ré%&iﬁﬂﬁt@{oaCl aim
16, wherein the nenory conprises code to store a full state checkpoint at a
time step, '¥pEPEISHWHENcOoMput er sinul ation can be restarted fromthe ful
state checkpoint. 1521. The nethod of claim1l, wherein propagating sinulated
excitation pulses forwards in tine is performed using a full two-way, wave

equati on. 22. The nmethod of claim1, wherein propagating sinulated
excitation pul s&s f ot vsthed freompping aollpsed dsianta dinysterhddrn S@EPTENEK r chhof f
Beam or one-way wave equation 20m grati on techni ques. 23. A conputer

i npl ement ed et BS§VRYP POpraAtingths coplfestsd datrgfropsiaglidhg or i nverting seismic
data where a tinme-stepping forward seismc sinulation nust be accessed in
reversd0ti me or BBAINEE EHET sBilation Ko gensiik fparardtnroraced gpp defosdihe ikt
conput ati on, 25conprys:He: determ ning and inplenenting a
checkpointing strategy that reduces conputation tine for a fixed anmount of

avai | abl e conputer nmemaiMitMor cOEdIMBNBAFERTR: ShRUA[MRNg e RalpEE kitidion;
conbi nati on of ne menory buffers of size C sized to Store é%ta froma

forward sinul ati on needed¥o performa correlation at a checkpointed tine

step without ' ' ' '
the simulation cannot be restarted from any of the plurality of correlation

15 buffers; and

correlating the data stored in the correlation buffers to the backwards propagated data

at each point in the grid.

10. The method of claim 9, comprising storing a full state checkpoint during the

20  simulation, wherein the simulation can be restarted from the full state checkpoint.

11. The method of claim 9, further comprising:
calculating a cost for storing a full state checkpoint; and

determining a time step for storing a full state checkpoint based, at least in part, on the

25 cost.

12. The method of claim 1, wherein the forward propagated data is correlated to

backwards propagated data in a next time step.
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30storing all data needed to restart the sinulation fromthe tinme step, and
ns nenory buffers of WD 2011/ 146161PCT/ US2011/ 028350 size S sized to store
al | dat a weedadi4swirestart the forward sinmul ati on from &Cthisekiporsssed ti me
step, wherein neC+ nsS <M ne > 1 and ns > 0; perform ng the
i magi ng or inverting on the conputer using saved data fromthe sel ected
menory buffers. 5 24. The nmethod of claim 23, wherein the
checkpointing strategy is based at least in part on different access speeds
of menory resources. 25. The nethod of claim 23, wherein the
checkpoi nting strategy includes 10optim zing which tinme steps are sel ected
as restart checkboihﬁ%?nﬁ@KU&Cbﬂélsgﬁéﬁﬁé@mﬂ%ﬁ%J nunber of time steps in
the forward sinulation. 26. The nmethod of claim 25, wherein the

opti ni zi ng whi cHotiigerlyplyof sprclaionsheckpoint it phstyierageiaedipwiaits i s based on
m nimzing a conputation cost function. 15 27. The nmethod of claim
23, wherein C dEperdd lspiowe gpratlation sheckpoipigh palozt stgaes wediied i n t he i magi ng
or inve%ting.

14. The method of claim 13, further comprising storing at least one full state

checkpoint, wherein the simulation can be restarted from the full state checkpoint.

15. The method of claim 14, further comprising storing the at least one full state

10  checkpoint in a fast storage medium.

16. A system for correlating simulated data to collected data, comprising:
a processor;
a storage system, comprising data structures representing:

15 measured data;

a propagation algorithm configured to propagate the measured data

backwards-in-time across a grid;

a computer simulation configured to generate forward-in-time simulated data

across the grid; and
20 a memory, wherein the memory comprises code to direct the processor to:
propagate the measured data backwards-in-time across the grid;

populate the grid with forward-in-time simulated data from the computer

simulation;

store a correlation checkpoint at a time step during the computer simulation;

25 and

correlate the backwards propagated data to the simulated data stored in the

correlation checkpoint.
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17.  The system of claim 16, wherein the processor comprises a single core, a

multiple core, a graphics processing unit, or any combinations thereof.

18. The system of claim 16, wherein the correlation checkpoint is stored in the
memory.
19. The system of claim 16, wherein the memory comprises a random access

memory (RAM), a RAM disk, a graphics processing unit memory, or any combinations

thereof.

20.  The system of claim 16, wherein the memory comprises code to store a full
state checkpoint at a time step, wherein the computer simulation can be restarted from the full

state checkpoint.

21. The method of claim 1, wherein propagating simulated excitation pulses

forwards in time is performed using a full two-way, wave equation.

22. The method of claim 1, wherein propagating simulated excitation pulses
forwards in time is performed using based on Kirchhoff, Beam or one-way wave equation

migration techniques.

23. A computer implemented method for solving a problem of imaging or
inverting seismic data where a time-stepping forward seismic simulation must be accessed in
reverse-time order to correlate with a backward time stepping adjoint computation,

comprising:

determining and implementing a checkpointing strategy that reduces
computation time for a fixed amount of available computer memory M, including data
storage, by selecting a combination of n. memory buffers of size C sized to store data from a
forward simulation needed to perform a correlation at a checkpointed time step without

storing all data needed to restart the simulation from the time step, and ng memory buffers of
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size S sized to store all data needed to restart the forward simulation from a checkpointed

time step, wherein n.C + ngS <M, n.> 1 and ng> 0;

performing the imaging or inverting on the computer using saved data from

the selected memory buffers.

24, The method of claim 23, wherein the checkpointing strategy is based at least

in part on different access speeds of memory resources.

25. The method of claim 23, wherein the checkpointing strategy includes
optimizing which time steps are selected as restart checkpoints, for a pre-selected total

number of time steps in the forward simulation.

26. The method of claim 25, wherein the optimizing which time steps are selected

as restart checkpoints is based on minimizing a computation cost function.

27. The method of claim 23, wherein C depends upon what type of correlation is

used in the imaging or inverting.
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