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Full-azimuth seismic data processing with coil acquisition
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Motivation

What are the advantages of exploiting sparse/low-rank structure at global scale!?

Should we window seismic data for processing?

Practical framework to handle production-scale interpolation w/o windowing

Validate SLIM technology on field data

Thursday, October 5, 2017



Survey information—coil acquisition




Source map
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Receiver map
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Blue region : receiver coverage map

Red region : |0x10 km test area selected for
interpolation

Orange region : source coverage map




Source coverage map
(test area)
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Receiver coverage map
(test area)
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Interpolation objective

Sources at every 100m grid in both inline & cross-line directions

Receivers at every 50m grid in both inline & cross-line directions

Output of interpolation resulted in full-azimuth OBN type acquisition for both
sources & receivers




Quick recap—matrix completion




[Candes and Plan 2010, Oropeza and Sacchi 201 1]

Matrix completion

» signal structure
- low rank/fast decay of singular values

» sampling scheme
- missing data increase rank in “‘transform domain”

» recovery using rank pendlization scheme
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Low-=rank structure
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Low-=-rank structure
conventional 5D data, monochromatic slice, Sx-Rx matricization
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Matrix completion

» signal structure
- low rank/fast decay of singular values

» sampling scheme
- missing data increase rank in “‘transform domain”

» recovery using rank pendlization scheme
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Low-rank structure
time-jittered data, monochromatic slice, Sx-Rx matricization
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Matrix completion

» signal structure
- low rank/fast decay of singular values

» sampling scheme
- missing data increase rank in “‘transform domain”

» recovery using rank pendlization scheme
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Nuclear-normm inim ization convex relaxation of rank-minimization

[Recht et. al., 2010]

17

min
X

X

K

e o’/

s.t.  ||A(X) —b

sum of singular values of X

[Rennie and Srebro 2005, Lee et. al. 2010, Recht and Re 201 1]

----------------
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[Rennie and Srebro 2005]

Factorized formulation

» Upper-bound on nuclear norm is defined as
1ITL]I7
— 2R

a
where |- is sum of squares of all entries

» choose K explicitly & avoid costly SVD’s




Case study—coil acquisition
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Source-receiver acquisition mask

3010 + . 3010 + . 3010 + .
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(10 x10 km)

200-\‘ ’) S
N/ VN
o 600>)\)I 1 1

ol b1

1000 - ’\’ }\

Observed sampling =16%
Effective sampling
Spectral Gap

21

Acquisition mask

= 4%
=0.4

Wi o
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Optimization information

Parallelized factorization framework over sources & receivers
Number of iterations: 200

Computational time / frequency slice: 2 hours

Computational resource / frequency slice: | nodes w/ 128 GB RAM, 20-core
processors, multithreading




Synthetic data
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Acquisition information

3D overthrust model, 5km x 12km x |2km

10404 sources @ 100m
40804 receivers @ 50m

Time length : 3 second @ 0.004s

Interpolation from 1-50 Hz




N =
)

s | -
(]

oT0)

o

= | 1%
= g
© =
(7)) oc
n"" B 1 <F

:

@)

9

FYFry Y R N T e P T OO Uy _}::uﬁ,::: L EEE
FPFFFRFFFFRFFYR AR AT W T W W W W W T Wy

FRFFVFFFFFFF VR FFEPFFFWE TSP TTe e qq‘qllt.‘.“'.“q“‘:a\'q"‘a"‘
Iﬂ‘ FFFPFFFFP PP RPFPEFRYIPW

PEFFFPFFPFPRFRPRERFFOEE
IPFFPRFRFAR PR OPRORPOR

PR FRPNERR VRV ROV EE
PEMEREFERRPUF R PR EE®
PRFERPRERRREFPERPIRDD
IFRREPFEIR D TE P ER R
PEEFYPEEPFYORPNEREYR DTS
RPERFEREFRNERPRPRRNE RO
PRFERINEVPRENPEE R IR RS
IFERERREINDEDPNERRVEYDEY
ERERENRIERIEERREDRRTERYY

RPRERERPERREFVRVE I PR FRUED
PERRNERRFEPRFREY IR ETRY I
n-n-n_uu-a!u-!ﬂ!!ﬁ-ilﬂaﬂ

G AR g B i f gl b bt bl Al bl Dadf bl ﬂlliiilciniilazﬂniiaaaii:ii.4‘..‘-..ga.
FEFEEFFYREEFTIFETETETYTEFEYYEEFRYEERETERETE T EEYYEE RN OER NS ENN RN NNV EANATEANNTNR N Y
IR TP e TR TR YT OOWE Y
LA g g dd g d pol-n g bl Lok b bl boged b Lo d ok Lk
FE RV RV TV RWEYYYRETYRETWEWwweEwww
f YR YRRV IR FOWYITEYY YYD wews
FFPFTYRRT TR ETRD TR TR TR OO WY
Gded A AL Ll Ll LR LAt bbb bbb bbb bbb phb bbb bbb b bbb BB EREELEEERLEEREEERERERERE]
VA A d R d b Al Ll b bl bbbl il il h AR LR LLERLRERERERERERREERERRERE
dALE A LA A LR - LA Ll L bbbt bb s B bR d AR A R AR EEELEEREEEEREEREAEREERE !
Wl Lol el oL Lo Rl bl b b Ll by b R A bR R R LR R R R R LR RN ERREREREE
g L b B Rl b L L g bl R AR L BB R R AR RRREERERERREEREERRERERERERER
\ihoihothlbobthaibcbooidecbocbodbochobo ot bt coibhobuodbed  Rashfickcb bbbt chaliohatolbiobohicholiholicibiohlie b bl R R R R LR R
et LA el b b bl g b bl bl bt d bbb d daaddba bbb AR LR EREREEELRELREREEREEREEEREE]
ﬂiuﬁﬂﬁlgaig!ﬂiIEtilasilﬂ¢llet_

A LI AL TR LR EEREERLEEEEEEELEEEEEREREREE ]
ya AL AR R LD EEEEEEELEEE A E N EE RN EEEEEEERERE N
4 & b4 LR AREERELEEEELLEELEEREREREEEEEEEREREE]

R e
" '_I [ Il il Il

1.5

5 (5 G SR S TN OO S T i G T G T i S R ST Eh R T i S R ST O G T i Sl & i gLl

0.5

LB
LER
.wsw.nuu.-uua..s-.anaqaﬂqn! acacuuaua:sausu-:aauaimaiaasaa..aaﬂ...ﬂ.,,
FERBEARDERPPERDODARYDFIVE BETE ALl PR R LR R EE R EEEEEEEEEEEEREEE B
FEPREEIRERE RN PRD PR TR ROY L L LA LR R R R R R R R R R E L EEEEE R EEERRREREEER!
FPRFREBPERPREFPREFPDREFDREFUUTY ssicﬁcc;i:qguiﬂteaatuiit Ll LT L P R LR R R L EEEEEEEEEEEE L
AN RN A R R N R gy dar, VLU P D e T T e e ke T L R PR PR R R E P A L R T E R R E R R EEREEE L
A Ry A RN AN Ny g Ao b ok ke L e b el L el el L el A R R R R P R R EE R EE L EE R EE L EREEER ]
PSP FEYREEN S EP P PROE PO PO a-asaiuiaiatuianuiuiai_Hniucnuuuauuna:a-uuniuaiaaiaua.i.....g......
L LPPFPFREPPERPPERPPEPDEREPRE PR PR PP REIPPORRORROREIORTROPEHY .unutiauiauu-u-un-aaa.aanan-a.i........aaa.
FRRYERRRERRFFRREPOFR PR RERE RO guuﬂa-sﬁiusﬂennacaaﬂt PORETEIRTUENAYGNYILAACIRIARIO AR AR Aq 4
z -__m-;m::u-::u:ug:!wuu!ﬂ - ahuﬁiiauﬁ-uuahh-ﬁ:hnu- TR Y EEEEEEREEELR
PREERRESRBBERBERED L T L LR E LR LR R EEEEESEEEEE
PREPERIFEFDPEIDDDD _ e L R R L R E L R EEEEEREEEEEE
PERYERRRRRRERERB n_ . SEPLPRVLERIVERNAERAQLEALIRQgRQqdAqeAqaR QA
YPREPEEBRDPPBRRBBRERPBRREREREEDREE _aﬂﬁniuﬂuﬂaa-sau-ua, PEPEENOIEOINNEAEERAEEEGER L EEEREEEEEREEEL
YPRPREERIIBRRBRDPERERPIEDIRERNRENESE gt Ll LR Y SR LR L A B R L R L F R E LR EEEEEEEE R
__-wv-u-uuv-wwv-w9ﬂ~u'-unﬂnﬂQﬂr aa! iﬂiﬂunﬂtua 000 ER0PR000R0M0E0UEEQUC e dOqEaAga g dgq
PREppRRORRREBORRRBRRERRDRRERED Em “ Ntaa ol ol b LR R R R R R REEEEEEEEEEENERENEEER R
AP EEBBEREBDEERDEEDRRODEDADEEER + CTE T T e e e P E EELEEEREEE L
_-ww--uuuvvmuvwwrwus!munl Be + niantia T e e e R P R E L EEEEEEEEEEL L
-ww-ww-u--us-vw-!!mn-uwwuw i VB ﬁﬁﬂﬁiﬂﬂt nihtaataaa&uﬁ-e-uanaah EEEEEEEELERL
..vuww-.uw—muum-umgppmw.an_m_p_ ; n.ciﬁaea SOR2E0E0840240800QQ g eagadagqandqqa44a
YPREPDEPEDREBRESADDADREDRDEODROE S P T R L e L L LR L LEEEEEEREEEL]
—-uw-w--wn-#w-mwsnnﬁysgyaw!T “nﬁuiﬁ“ﬂt e R E R EEEEEEEEERL
-w--w--w-w-wv-wswvanquﬂn B e e R R L EEEEEEEEEEEER
.-uvw-_.s,uw-m-wuwvwspmaw.Mmﬂ S0Q28R Y _ﬂtnnaiﬁaaauaaaaaaa CEEREEEREEER
YEPOBDEPREREEADBERBRRDREDEDREORE P e e R R R E R R R R E R LR Y EE R EEEEEEER
.-ww---mm--v-mnw!-aurgasswn ; SE000000R 3000 F00CIUCRUGAMiICqaaAaqaadaEacde
bOEEBEDBREBDRERDDEDDRERDOERIDOEDDD T R R EE R LR L EEEREEEEEEE
w-uw'-pu-m!-—mw-vvmsnvsmﬂwgwa : i“t e b R e R R R R LR E R T E EE R EEEEREEE L
PhpbODEDEREEARBEARDDDDRIDDECODEGD .:“. “a_ FEDIGLIIILVIEEEAEEaICEaHdEqaEaaaduaddt
.'““wwc-uw.uvnp-pv-wwwvw!wmm-ma_ _ D : “ PH000000RG00QER0QEGdCUaQdIGdMuIGQEaaqaaedd
POPERDREDIDRRDDDRRIDERRIGDIDOERDIOOIODED IR0 00 OLe000e w“nt_wsaiisiad-a.-uhnt.. CEEEREEREEERE]
TeEBUBDBERREBRRRDRERPRODDROCERRTRRETORIOOROSCATINOGTOOBREORDS ta_nwuﬁaaausaaﬁ.aanﬁann “aaﬁ“a..am.h
...w“'“w-“-w-wu-ppww!awavwmm-uaatgaanasaa RaRE ;.owaaows-a csuuuunsiiuan-.-a.a-gau deeadEdadendddd
bobbREBRD -wy-pnw?p!nw!!wwwﬂﬁ“analaqag VLD e L R L R R E R R E LR EEEEEEEEEEE ]
POBEROBRDDRRDORRDDREDIBEIDOGOROLRIODONO M 0O E arnuatu.-aniuan“a“ CEELEEEEEERE]
PORBBRBRRLRDEBRRRDREREREREROEEREDDRETDE eReoeD gagqeedadnqdqdadqqan S LEEEEEEEEREE
.-WW“w"w-w-wu;!wwvywwummw!wawla @3 “ai ppas _m-nim-n-a-a-ana fddgedqadqdddaaddt
by bERBRRBRRDEDRLORDEDDBRARREARE Ma T T . fEadQEdendqadn (R EEEEEEEREEEEER
bOREDDDPEDDDEDODERBDEDIGEIROEDD w.u (UITTTITITY CENTEEEREREEER LK L EEEEEEEELE]
PORBBRRLRDR LD DRERDORAREEARRERBRORTN { “Iﬁinbi _ gogaendagnaqanad R EEEEEEEEEREE
PhEDOREDOIRERPDLRNREDEIEFIDEBE AN mmwaaﬁa m llﬁa.cﬁsﬁutrimwtta-a-euw-m-ssn.n-a-nna-na L CEEEEEREEEE]
..-_w.-vvwvwvwwzwpwm“mmwmmwpgap.nwﬁs_ ‘uvaﬁsvuwsnﬁa#nww“nomnnsanaananuu.annannnan CEEEEEEREEEE
.wv-wu-w-vw!gnww!!.QRR?QBQEQQMIQIH. -_1tuﬁiuﬁnﬁiiﬁi dteoecendseaanaqaeiaaenad ddddddadeadid
ol PORDBORD LD DYEDERIDIRDRDRERINOEDR _nnua_n{usu . wuwayasgasssg.a-una:aa:nn: qdadadq dedadedqetdda
.-ww-qww-uuumwuq—wmquwuw!eannkancnmﬁuewai,wa_uuacew&.eo..muasa-n-n-a-miuag-mn..n- L EEEEEEEEEEL
PSR BBEEDNERDEENERDAERABEERORRRARAROSLRORNASCRARLRAROREQ0RCGCREAACREREREAGRdadRdddY. daddddededddn
bOBEDDRPENDIEDAUEDSERESEEDOBEEDOES !ﬁls-nWtﬁﬁﬂﬁiﬂiiba.rtitnitiainininiﬁu-.-nﬁ-nsa- CEEEEREEREERE!
PRADOORLURBERDERREENEBRIDRECRERRAOEARREEREROACRDSARDRORAAOROEARREAAAGARREAERAdERAd ﬂnu_-._h_‘..
IhRbRDEORDRERDRDEBDTRDOBIDFOSMMLAORELDO000DA0R0E0RDA00E0ADCAdARRAGRARdERdEERdEREadq LCEERERREEE
PO EBRIBORDERERERAGENORENRSENELRRE hﬁwv&tw#ﬁauilaasu&anoinﬁsnmtnlﬁiﬁiﬁﬁﬁuﬂinnbﬁn dedesdadededn
..-.-w-.w-.u-—uu-nu-nwtwnuaani&nr unnrsrwﬁu-unbnirﬁiﬁnsnaus-nininnﬁusun-s-nins ‘ as-.......ia
ARRDDERBUBREDBRRDDRRRNDED dddaddeadan
.vg.w.wu-.uuu-uu-.u'- FEEEEEEREREL]
bbb BBREDERRABERD .ni-nnn-.n...
..-.---w--w--u-n-w-nurnn!nnn-aprrbu-nr!wsiu'usinﬂul-unn-an-sninisnsn-wssﬁ-s. gdadddaddadd:
i BBERBBAERBRER : ] (I EEEEEREEERRER
.-x.w-wn-anu-uu-ral'w#nIIinn!ﬂnlnnnlvsh&Dtil!uiluiliulnlniiislﬁimiwnlininnﬁnﬁha--n--a-..a-a.a-s
PEBRBBBARABRDRELRARERRERRARERASRESSARRRARARARERANERLDARAEEREEAAGEOAAdAR R R AR RERRdEdddB s a8 g
bEBEEBBERAABERABIRABEGADERRAERINANEARAADAAADRCARARARAAARERASSEARRAGARRRAARdAGRRAdRASASdAdSAAAddadAdadd
EBADEBBAORBRERRIRARDRERDERRERAENEARRAAREGARAAREREARGAARGAARCRAREEARARARRAAAARARDAGEAAdRASAGAsAB s
ibbhABRRARCRAIGRABARADBRRARRAGRENGEAAREGAAARARABRDERASARAAGEAAGMAGEAACERRGEERAaERAAEAadERaRda@dAREdd
FEBANABAMRABEARRGADERARAERRASRERMM AR AdAAAaAMSAbREARRESARSLARNALROADARAR NS dA AR d e ddddaddd
PADERDBRERABRRADRRRADREDAREARSRENAAGARAENAACAARADRAADERARRRARGASARARARAAADARRAQdsAAAsdAasdadadaddadadd
EABBERBRERAREARARBARRARRRARERARNSARSAARACALALARALRALADAARARAARASRARALARA AR REAEN AR ERAAAR AR A AERNEAEREAE
AAERABALRARRARGLAGRARARRARDARRESEEASARIAlsAAACRARRARARRALRRANORASAARAAERAACEARARNEESAREAdEAdEREaRER A A A
REBBRABOARMALARACARREARARERRARANANNOONRESARRCARARLAARARARARARADRDASADARON0RRNERERAGAROCEREAQE O 0 a8 d 608 dddd

AEBABBARBEADBEEDRRERGRARRAARARMEARMAMAEEMAARAMAAAAMRAARRAARAAARAAALAAAAAAARARAAARAASMAdRAdlddadsdaddaddddddd
EABRERARRRAAREEARRRARRDAARDARSRAANSARSSASAGASAAALRALARRRARRGARAASAREARAGAERNEAENASARNASERNAAERNEAERAAE RS A8
AAEABARRARARBEARDARARARDDARBARESRSAEdNEisdddatalbahibaaReanARAdRARARAARER ARl REAdREAdRaRdA ddddaddnd
( AERABIBAMORADGEARARBRAD EARERAERENAFAGFEYAEASOALLAARARALARACADARLADAMLZANDEONIEAN ISR L O RR LD A0S QAN 08880808844
EARBBRBERDBERDREARGRARDARARDHEASASNEAAAIMAAAAMSAAARADARADARANARARAAAARARSAAAARAASsAddAadddadEdaddddd ddddd
FAADBRABRGAARDARBEDAARGRABEARERAAKELAZSGASsGasdastbsdllosliRadARSARanAl SRS aSAS A 8@ @A 80888 8A8E8 88K 844864
AR BABBEDAGE DS ND R DN D DN D D o o T G £ e R N D R D 0 R N R Al
FERABAGAREGRANDACARARAARERANERGHERSESAMAIACASAEALALARALARALAOAMALRRMEANDESDAGND SRR AR08 8888888008

AARBMBABRRARARBARSERABRBRRABEREEGARESARSMAGHGADALALASADACARARAAAAALRASARSSARRIAdEA A0 AAER A8 884K 8 8d%8E40d 8
AAAABGREDAREERAADARADARRDIRESRSLEsELadGLAdabsdbtsaasnbnbeasERASEANORAARASAR AR A 0EE A EEARE 8 AdREAE
..rwrrrrwrrnPrrrw-r:iPIEP!EEE!Eﬁklﬁillnlbibl&!Wil?&iﬁ?bﬁbﬁilbbilhiibii!ibubnbuhibiquinniunnnuunmuuss

bRE KB r!rwHr!rFFI-.lIWFlI.!Fln:!lﬁ.ﬁsl.li.Plll%l'ﬁit?iﬁlﬁ:‘l:hﬂlij.J..l_i_i_i__lﬂilliIhihlﬂIhi-._l.._..i...-._ -.1 n..-. n.n.u ni:n_h i

i ey

#10

L d b Rb R BB EREEEREERELEELERERERBREREEERRER"

#10

LR LR R R R N R R L R R R R EEE TR E R EEEEE R

qtiiﬂtiiiiiudit-u-ﬁﬂuiiau-aa-aa...a...a...f

Sx-Rx

AAREABARENBRENBRANARAAGANAGRNAALANSAENSAANSAAANAAAGAMLABALARAALALARLAARAANAAAA AL AR 8@ ada8dEdddddaddddddds

N ¥ © o — N ¥ © oo
o O O o ™ - - -

A4-AS

Frequency sl
ground truth

25

Thursday, October 5, 2017




common source gather
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Frequency slice @ 7Hz

interpolated
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Frequency slice @ 7Hz
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Common source gather
ground truth
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Common source gather
subsampled
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Common source gather
interpolated
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Common source gather
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Coil acquisition—field data
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Acquisition information

Gulf of Mexico, coil acquisition
10404 sources after interpolation @ 100m
40804 receivers after interpolation @ 50m

Time length : 15 second @ 0.008s

Interpolation from 3-20 Hz




Frequenc! slice @ SHxz

subsample

common source gather

43

Thursday, October 5, 2017




@ SHxz

),
A
7
5T
C &
32
S &
& E

><1O4

common source gather

(km

RXx

Rx-Sx

Thursday, October 5, 2017



Frequenc! slice @ 10Hz
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Frequenc! slice @ 18Hz
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Common source gather
observed .
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I would first show freq slices and start with best
Again things are very noisy.

Rajiv : Yeah | really wanted to investigate the cause of it. | see this in the synthetic
examples also.
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Common source gather
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Common source gather
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Common source gather
interpolated °pgEmre

Any comments / suggestions
will be highly appreciated
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Computational / memory advantages

Size of fully sampled interpolated volume : 2.5 TB

Save low=rank factors
» compression rate: 99.5%

» size of final compressed 5D seismic volume : 15GB




Future work

Investigate the causes of high frequency artifacts in interpolation

Validate the interpolation results using FWI/Migration

» extract sequential/simultaneous sources from low-rank factors
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Redesigh acquisition mask
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