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1.1 I ntroduction

The Dark Enegy Surey Coaddis oneof the corepiplelinesof the surwey. In this
documenive will describenvhatis neededor the coadd.Beforewe begin, therearea setof
coreguidelinegthatwe follow.

First,thecorepipline shouldbeableto berunonadesktopgasilyandsmoothly Thepro-
cessingnfrastructureshouldtransparenthgeneralizehis to lesshospitablesrvironments

Secondwe believe in atool kit approactratherthana monolithic approach.We aim at
singlepurposeools,probablyin ¢, thatcanbe strungtogetherin apipelineusingascripting
language.

Third, anddirectly releventto the coadd,we aregoingto resamplethe pixels. Oncethis
is acceptedpnehasgreatfreedomto defineoutputimage:we will definethe outputimages
to be thoseof a distortionfree instrumentat a finer pixel scalethanthe inputimages. We
will maptheinputimagesto the outputimage,andthencoaddthem.

12 Inputs

1.2.1 Outputimagedefinition

Theimagesize,orientation,andpixel scalearedefinedaheadof time. The actual
inputis anra,decjmagesize,andpixel scale.

We follow the NVO hyperatlastandardn definingthe outputimages.We choosd SEA-
7-TAN-23: thelnverse-SgderEqualAreagrid atresolution7 (21,872hexesovertheentire
sky andeachhex having 1.9 sg-degjrees)usinga TAN projection,betterknown asa gnomic
projection,at pixel scale23 (0.125"). Thecell is ahex but we will adoptsquaramagesthat
boundthe hex with a buffer zone;thisimpliesthatwe needa maskthatdenoteghe primary
areainsidethehex andsecondaryputsidethe hex.

At 0.125"/pixelsthe squareis about40,000pixels square.This is too big to work with.
We will breakthis up into 64 sub-imagesan 8x8 squareof images,eachof 5000x5000
pixels. This correspond$o 625" onaside,and0.17 onaside.Most of the sub-imagesvill
be entirelyinsidethe primary mask,simplifying boundryeffects. The galaxymeasurement
codean eitherwork with the 500F sub-image®r simultaneouslyn all 64 sub-images.
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ISEA—6 HyperAtlas

Fig. 1.1. Thehexesonthesky of thelSEA-6 hyperatlas\We uselSEA-6 insteadof
ISEA-7to save spacen thefigure. ThelISEA-6 has7292cellsratherthanISEA-7’s
21,872.

1.2.2 Input file list

Theprimaryinputto the pipelineis thelist of imageghatoverlapthe outputimage.
Thefile list will includethefile name,globalroot/file archive, pathinformationalongwith
ra,dec,andseeing.

1.2.3 Input masklist

In seriouswork, therewill be maskson the inputimagesdescribingbadcolumns,
satelliteandmeteortrails (to beignoredin the coadd),andsaturategixels (to be treatedas
uncleanall pixelsthatpartale of theseareunclean).Theremight be cosmicray masks(ig-
norethesepixelsin thecoadd).In the SDSSmary of theseeffectswereinterpolatedacross,
onthe principle thata local estimateof the missingpixel wasbetterthanno informationat
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all. If we adoptthis principle, we will needan interpolatedmask,which will be setto a
smallbut non-zeronumberfor the coadd.As for theimages thefile will includefilename,
globalroot/file archive, andpathinformation.

1.2.4 Input PSFlist

The actualform of this input dependn what form the PSFrepresentatiotakes
in thesurwy. If it takesthe form of the SDSS,imageby imageKL coefiecientsor if it is
a similar approachusing shapeletsthanwe needto input a file with entriesfor eachinput
imagecontainingthe coeficentsandthe basisset. If it is a global static PSFpolynomial
solutionsimilar to the Jarvisand Jainapproachwe needthe coeficentsof the polynomial
fit. ThePSFis needecherefor oneof two reasonseitherit will beusedin thecoaddproper
for image circularization,or we may be keepingtrack of the PSFby coaddingthe input
imagePSFs.

1.2.5 Flux scalelist
For eachimagewe needthe multiplictive factorthatbringstheimagesontoa com-
monflux scaling.Thisis usedin thecoaddbothto scaletheimageandto scalethevariance.

1.2.6  Astrometrictransformation

We needastrometridransformationsccurateo betterthan0.1”. The proposalis
thatthe astrometricsolutionusesthe IPAC SIRTF corventionof affine termsplus a poly-
nomialfit for eachaxis, andinversetransformation.This corventionconformsto the draft
standardén theWCSIV paper Theformis the standardVCS affine terms,pluspolynomi-
alsof theform

U = X+ +Coy? +Caxy

V = y+Cax?+Csy? +CoXy

The degreeof the polynomialandtheinversetransformatioris partof the corvention. The
coaddwill needboththeforwardandinversetransformations.

13 Pre-burner
This stagels emptyfor desktopapplication.
Ontheotherhand therearesignificantdatahandlingthathasto occurfor lesshospitable
ervironments.The pre-turnerhasto:

1.3.1 Createtheimageand masklist

The creationof the file andmasklist is a queryagainsta metadatecatalog. The
querywill include:ra,dec,filteseeingandrun/reductiorievel. Theresponsawill includea
“filename”, which includesthe filenameand pathrelative to a global root. Candidatedor
themetadataatalogincludethe NOAO ImageArchive andthe USC/ISIMetaDataCatalog;
we planon exploring first the NOAO ImageArchive.

* A metadatzatalogis adatabaseontaininginformationaboutimagespneof thekey piecesof whichislocation
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1.3.2 File staging

Theimagesandmasksneedto be broughtto “.”. This stepmightbea“cp” (easy),
perhaps‘“In -s” to alocal copy (minimizesdisk space)pr a “gsiftp” (from aremotesite).
At themomentwe planonusing“srm-get”, basedn gsiftp but includingreliability anddisk
resenationfeaturesnsideatool-kit. Thistool comesrom eitherthe Fermilab/JeflersonLab
“SRM” or fromthe LBL “DRM".

1.3.3 Gettheflux list

Therelative flux scalingsof theimagescomefrom therelative photometrypipeline.
It is unclearwhetherthey will bein the headersprobablynot. It would idealif they were
in the metadatacatalog;if sothe meta-datacatalogwill have to allow easyinsertionand
deletionof metadata.We adwocateadoptingthe SWARP “.head” corvention,whereitems
thatby rightsshouldbein theimageheadeibut arent areinsteadputinto a“.head”file that
consistsof a FITS headerwithout animage. This headeroverridesthe headerassociated
with theimageitself. It maybetracked,of courseandit endsupin the outputimages.This
takescareof thecasewherearchiveimagesbeyondour ability to modify, have headershat
needupdatingor changing.

1.3.4 Getthe PSFrepresentation
Retrieving the PSFrepresentatiohassimiar problemsasthe flux scalings.

1.3.5 Gettheastrometrictransformation

Theastrometridransformatioris easyto find: we getit from theheaderatleastin
the currentplan of performingthe astrometryin the singleimagepipeline. We very much
like theapproactof keepingthingsin theheader

14 Core Code
The corecodesconsistof two engines:a mappingengineanda coaddengine.

1.4.1 Themappingengine
The mappingengineis usedto mapthe inputimagesontothe outputimagedefini-
tion. Thisis the mostcomputationallyexpensve partof the coadd.

Themasksaremappedsothatduringthe coaddwe canignoreor de-weightbadcolumns,
bleedtrails, satellitetrails, meteortrails, andperhapsosmicrays.

The outputimagefootprintis aninput. For eachpixel of the outputimagefootprint, we
askwhetherit is containedn the inputimage. If so,thefootprint of the pixel on theinput
imageis determinedandan estimateof the flux that pixel would have recievedis madeby
interpolatingfrom the surroundingpixels.

The sciencehereis in two places:the choiceof the interpolationkernelandin the flux
consenation. Theinterpolationkernelis usedto maptheinputimagepixelsontoan output
imagepixel. In our currentimplentationwe choseawindowedsincfunctioncalledLanczos-
2: sinc(wx)sihc(% X). Flux conserationdemandsdirst thatthe outputimageis multiplied by
the Jacobearf the coordinatetransformationandsecondhat eachinput pixel is actually
sampledby the outputimage. The latteris easilymetandis oneof the reasonghe output
imageis sampledat a finer resolutionthe the input images. The first is more subtle,and
in our currentimplementatiorthe Jacobeais assumedo be constantacrossheimage. In
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generalthisis not true,andwe will have to determinewhetherthis approximationis good
enough.

The currentmappingengineis a modified versionof Swar p . We are aware of two
othercandidatesPyMul t i dri zzl e andMSCRED . Thefirstis functionally equivalent
to Swar p (we judgeit soaftera -very- cursoryexamination)thoughit hasextra features
we arenot likely to make useof.*

1.4.2 Thecoaddengine

The coadditself is not overly complicated gxceptthatit is impossibleto load all
of theimagesinto memory Both Swar p andPyMul tidri zzl e have (modular)code
which allow fastworking on subsectionsf imagesfrom disk.

Therearesereralcoadddechniqueshatwe have theluxury of exploring: medianclipped
average,inversevarianceweighted, y? againstsky color, subspacdiltering for red z=1
galaxies.We will alsopursuetwo differenttypesof coadd,depthoptimizedandweaklens-
ing optimized. The latter concentratesnore on the good seeingdataand on uniformity of
output,onthetheorythatedgesarebad.

We thus breakout the coaddinto a completelyseparatestepfrom mapping. This has
adwantagesideeffects. We canstorethe mappednputimagessoasto make coaddsmuch
faster We canpursuethe variousprep-step®n the mappedmagesmultiple timeswithout
theexpenseof mapping.The prepstepsincludes

e sky subtractionithe SDSSphot o sky subtractioris superiorto the Swar p sky subtrac-
tion, for instance.

o flux scalings:thesewill changeaswe getmoredataandtherelative photometryimproves.

e variance:thevarianceof theinputimagesto thecoadddependothonthesky o andonthe
flux scaling.If we usevarianceweighting,this is of coursecentral: we wantthe weight
mapsto bevariancemaps.

Our currentimplentationusesa versionof Swar p  with mostfeaturegurnedoff, using
justasthe coaddengine,andusesdaedal eos andphot o to performall of the scalings
andvariancecalculations.

1.4.3 Thetools

We aim to make the mappingenginea standalondool, and the coaddenginea
standalonéool. This meansthatwhenwe mapthe maskswe do this asa separatecall to
the mappingengineratherthanjust onegiantcall with imagesmasksandPSFsincluded.
We believe thatthesestandalonéools, thatonecanjustdownload,compile,andrun, have a
greateruseto the communitythanmonolithicpipelines.

15 Outputs
mappednputimages
mappednput masks
mappednput psf
coaddedmage

* Multidrizzle finds bad columns,thoughonly negative badcolumns;the SDSShasbettercodethanthis. Mul-
tidrizzle locatescosmicrays by an iteratve coadd-subtractiotechnique;this is perhapsof greaterinterest,
thoughthe SDSShassingleimagecosmicray detectioncodesthatwe canuseto maskCR without the very
expensve iteratve coaddstep.
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e coaddedmagevariance/weightap
e coaddedmagen-map
e coaddedmageprimary mask

16 Post-burner
The outputof both the mappingengineis single FITS images;the outputof the
mappingstageis a multi-extensionFITS image containingall of the mappedimagesfor
a given outputimage. Likewise the outputof the coaddengineis a single FITS file; the
outputof the coaddstageis a multi-extensionFITS file containingthe image,the masks,
andperhapghe PSE
Theoutputis

e mappednputimages masks,andpsfs. Thesewill probablybein a singlemulti-extension
FITSfile.

e coaddedmage.

e coaddedmagevariance/weightnap. This containsthe informationaboutthe inversevari-
anceperpixel thatthe galaxymeasuremertgodewill use.

e coaddedmagen-map. This containsa mapof how mary imagescontritutedto eachpixel.
Suchasmapis remarkablyusefulin quality assurancandtroubleshooting.

e coaddedmageprimary mask. This containsthe masktelling the galaxymeasuremertode
which partof theimageis to be consideredprimary” areaandwhich s duplicatesky, to
be consideredsecondary”.

If the entirecoaddmoduleis runningon the desktop,we aredone. If it is beingrun as
partof theinfrastructurehe post-lurnerwill notbeempty The post-lurnerhasto:

1.6.1 Putthefilesinto thearchive
Thefilesto besaredhaveto gointo thearchive. This meanghata) they haveto be
movedto permanenstorageandb) releventmetadatastoredin the metadatacatalog.
For our next round of implementation,we plan on using SRM to move the files to
dcache/enstor@ndto storethe metadatan the NOAO ImageArchive.

17 Data Volume

The currentSDSSCoaddconsistsof 3 Terabytes,roughly 10 imagesper field.
Thereare8000fields. Sincethereare5 colors, this translatego 40,000jobs. Note that if
eachjob is consideredseparatelythenthe “input” datagrows considerablysincea given
imagecan contribute to more than one outputimage;we estimatethe treatingthe jobs as
independenexpandsthe input datato 8 terabytes. While the coderuns, the imagesare
expandeduy afactorof 4, sothe outputof the mappingstageis 12 TerabytesThecoadded
datais of coursemuchsmallerthantheinputimagesandmassesnly 0.5 TerabytesBy the
way, clearlyit is non-optimalto treateachjobsasindependent.

For the DES coaddwe will considerthe ISEA-7-TAN-23 2 sg-deyreepatches.Eachof
the imagesis 40,00¢ pixels, which at 2 bytescomesto 3.5 Gig. A singletiling of 5000
sq-dgreesconsistof about30000f thesemagessowill cometo aboutl0 TerabytesThis
canbecomparedvith theinput data,whichwill massabout2 TB.

Thefirst tile contributes100%overlap. The secondile overlaps33%, sothreetiles will
contritute. Thethird tile doesthesame.Thefourthtile (andfifth andsixth) overlaptwo tiles
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at44%andtwo moreat8%. For our estimatiorpurposesve canignorethe 8% contributions
thoughof coursewe will in practiceusethem.

Theinputdatais 2 TB pertiling. Theoutputdatais 2 TB.

We cannow calculatethe datavolume of year 1 for one bandpass¥or input thereare
2 tilings, sotheinputis 4 TB. Thereare 3000tiles pertiling, and3.5 Gig pertile for the
expandedmagesso 10 TB pertiling. The mappingstageoutput(10 TB + 3*10 TB) = 40
TB. Themappingstageoutputis 1 tiling at x4 expansionand1l tiling at x4 expansiongach
tile of which contritutesto 3 ouputtiles.

Thedatavolumeof year2 consistsof 4 tilings, so8 TB of inputand2 TB of output. The
mappingstageoutput(10 TB + 3*10 TB) + (3*10 TB + 2*10 TB) = 90 TB. The mapping
stageoutputincludesonetiling which contributesto threeoutputtiles and onetiling that
contributesto two outpulttiles.

Eachof thesenumberswill be multiplied by 4 bandpassesn yearl thetotalis 16 TB in,
8 TB out, and160 TB intermediate.ln year?2 thetotal is 32 TB in, 8 TB out,and360TB
intermediateClearlywe will be puttingthe mappingstageoutputontomassstorage.

This calculationsuggestshatfor yearl, andfor the simulationof yearl, will bedealing
with aboutl6 TB of inputandabout160TB of output.As of Jan2005,finding 1 TB of disk
spaceon a computeclusteris anngying but notimpossible.The disk spacedoublingtime is
aboutl.5years,sothreeyearshencedisk spacewill have goneup by afactorof 4. In Jan
2008we canexpectthatfinding 4 TB on a clusteris troublesoméout possibe.(Jan2008is
aboutthetime we arein full planningthereductionof 1 yearsworth of simulateddata).We
will probablywantto breakthis up into = 5 jobs (which we’ll now call campaigns)each
covering1000sg-dgrees.In the planning,we’ll wantto planto resene 4 TB of staticdisk
percampaignplanon consumingcumulatively an additional20 TB (thoughat ary instant
we’'ll never needthis amount),andplanonreservingd0 TB of massstoragespace.

Thus for our SDSStesting“thunderruns”, we'll seeabouttestsof 1 TB static,5 TB
cumulatve, and6 TB of massstoragespace. This is what we would getif we divide the
SDSScoaddinto threethundemrunspercoadd.We will explorethisregimein the Springof
2005.



