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1.1 Introduction
TheDark Energy Survey Coaddis oneof thecorepiplelinesof thesurvey. In this

documentwewill describewhatis neededfor thecoadd.Beforewebegin, thereareasetof
coreguidelinesthatwe follow.

First,thecorepiplineshouldbeableto berunonadesktop,easilyandsmoothly. Thepro-
cessinginfrastructureshouldtransparentlygeneralizethis to lesshospitableenvironments

Second,we believe in a tool kit approachratherthana monolithicapproach.We aim at
singlepurposetools,probablyin c, thatcanbestrungtogetherin apipelineusingascripting
language.

Third, anddirectly releventto thecoadd,we aregoingto resamplethepixels. Oncethis
is accepted,onehasgreatfreedomto defineoutputimage:wewill definetheoutputimages
to be thoseof a distortionfree instrumentat a finer pixel scalethanthe input images.We
will maptheinput imagesto theoutputimage,andthencoaddthem.

1.2 Inputs

1.2.1 Output imagedefinition

The imagesize,orientation,andpixel scalearedefinedaheadof time. Theactual
input is anra,dec,imagesize,andpixel scale.

We follow theNVO hyperatlasstandardin definingtheoutputimages.WechooseISEA-
7-TAN-23: theInverse-Snyder-Equal-Areagrid at resolution7 (21,872hexesover theentire
sky andeachhex having 1.9sq-degrees)usinga TAN projection,betterknown asa gnomic
projection,atpixel scale23 (0.125”).Thecell is ahex but wewill adoptsquareimagesthat
boundthehex with a buffer zone;this impliesthatweneeda maskthatdenotestheprimary
areainsidethehex andsecondaryoutsidethehex.

At 0.125”/pixelsthesquareis about40,000pixelssquare.This is too big to work with.
We will breakthis up into 64 sub-images,an 8x8 squareof images,eachof 5000x5000
pixels.Thiscorrespondsto 625” onaside,and0.17

�
onaside.Mostof thesub-imageswill

beentirely insidetheprimarymask,simplifying boundryeffects.Thegalaxymeasurement
codeaneitherwork with the50002 sub-imagesor simultaneouslyon all 64 sub-images.
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Fig. 1.1. Thehexesonthesky of theISEA-6hyperatlas.WeuseISEA-6insteadof
ISEA-7to savespacein thefigure.TheISEA-6has7292cellsratherthanISEA-7’s
21,872.

1.2.2 Input file list
Theprimaryinput to thepipelineis thelist of imagesthatoverlaptheoutputimage.

Thefile list will includethefile name,global root/file archive,pathinformationalongwith
ra,dec,andseeing.

1.2.3 Input masklist
In seriouswork, therewill bemaskson the input imagesdescribingbadcolumns,

satelliteandmeteortrails (to beignoredin thecoadd),andsaturatedpixels(to betreatedas
unclean;all pixelsthatpartakeof theseareunclean).Theremight becosmicray masks(ig-
norethesepixelsin thecoadd).In theSDSSmany of theseeffectswereinterpolatedacross,
on theprinciple thata local estimateof themissingpixel wasbetterthanno informationat
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all. If we adoptthis principle, we will needan interpolatedmask,which will be set to a
smallbut non-zeronumberfor thecoadd.As for theimages,thefile will includefilename,
globalroot/filearchive,andpathinformation.

1.2.4 Input PSF list
The actualform of this input dependson what form the PSFrepresentationtakes

in thesurvey. If it takesthe form of theSDSS,imageby imageKL coeffiecientsor if it is
a similar approachusingshapelets,thanwe needto input a file with entriesfor eachinput
imagecontainingthe coefficentsandthe basisset. If it is a global staticPSFpolynomial
solutionsimilar to theJarvisandJainapproach,we needthecoefficentsof thepolynomial
fit. ThePSFis neededherefor oneof two reasons:eitherit will beusedin thecoaddproper
for imagecircularization,or we may be keepingtrack of the PSFby coaddingthe input
imagePSFs.

1.2.5 Flux scalelist
For eachimageweneedthemultiplictivefactorthatbringstheimagesontoacom-

monflux scaling.This is usedin thecoaddbothto scaletheimageandto scalethevariance.

1.2.6 Astrometrictransformation
We needastrometrictransformationsaccurateto betterthan0.1”. Theproposalis

that the astrometricsolutionusesthe IPAC SIRTF conventionof affine termsplus a poly-
nomialfit for eachaxis,andinversetransformation.This conventionconformsto thedraft
standardsin theWCSIV paper. Theform is thestandardWCSaffine terms,pluspolynomi-
alsof theform

U = x + c1x2 + c2y2 + c3xy

V = y + c4x2 + c5y2 + c6xy

Thedegreeof thepolynomialandtheinversetransformationis partof theconvention.The
coaddwill needboththeforwardandinversetransformations.

1.3 Pre-burner
This stageis emptyfor desktopapplication.

On theotherhand,therearesignificantdatahandlingthathasto occurfor lesshospitable
environments.Thepre-burnerhasto:

1.3.1 Createthe imageandmasklist
The creationof the file andmasklist is a queryagainsta metadatacatalog

�
. The

querywill include:ra,dec,filter,seeing,andrun/reductionlevel. Theresponsewill includea
“filename”, which includesthe filenameandpathrelative to a global root. Candidatesfor
themetadatacatalogincludetheNOAO ImageArchiveandtheUSC/ISIMetaDataCatalog;
weplanon exploringfirst theNOAO ImageArchive.

�
A metadatacatalogis adatabasecontaininginformationaboutimages,oneof thekey piecesof whichis location
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1.3.2 File staging
Theimagesandmasksneedto bebroughtto “.”. This stepmight bea “cp” (easy),

perhapsa “ln -s” to a local copy (minimizesdisk space),or a “gsiftp” (from a remotesite).
At themoment,weplanonusing“srm-get”,basedongsiftpbut includingreliability anddisk
reservationfeaturesinsideatool-kit. This tool comesfrom eithertheFermilab/JeffersonLab
“SRM” or from theLBL “DRM”.

1.3.3 Getthe flux list
Therelativeflux scalingsof theimagescomefrom therelativephotometrypipeline.

It is unclearwhetherthey will be in theheaders;probablynot. It would ideal if they were
in the metadatacatalog;if so the meta-datacatalogwill have to allow easyinsertionand
deletionof metadata.We advocateadoptingthe SWARP “.head” convention,whereitems
thatby rightsshouldbein theimageheaderbut aren’t areinsteadput into a “.head”file that
consistsof a FITS headerwithout an image. This headeroverridesthe headerassociated
with theimageitself. It maybetracked,of course,andit endsup in theoutputimages.This
takescareof thecasewherearchiveimages,beyondourability to modify, haveheadersthat
needupdatingor changing.

1.3.4 Getthe PSF representation
Retrieving thePSFrepresentationhassimiarproblemsastheflux scalings.

1.3.5 Getthe astrometrictransformation
Theastrometrictransformationis easyto find: wegetit from theheader, at leastin

thecurrentplanof performingthe astrometryin thesingleimagepipeline. We very much
like theapproachof keepingthingsin theheader.

1.4 Core Code
Thecorecodesconsistof two engines:amappingengineandacoaddengine.

1.4.1 The mappingengine
Themappingengineis usedto maptheinput imagesontotheoutputimagedefini-

tion. This is themostcomputationallyexpensivepartof thecoadd.
Themasksaremappedsothatduringthecoaddwecanignoreor de-weightbadcolumns,

bleedtrails,satellitetrails,meteortrails,andperhapscosmicrays.
Theoutputimagefootprint is an input. For eachpixel of theoutputimagefootprint, we

askwhetherit is containedin the input image. If so, thefootprint of thepixel on the input
imageis determinedandanestimateof theflux thatpixel would have recievedis madeby
interpolatingfrom thesurroundingpixels.

The sciencehereis in two places:the choiceof the interpolationkernelandin the flux
conservation.Theinterpolationkernelis usedto maptheinput imagepixelsontoanoutput
imagepixel. In ourcurrentimplentationwechoseawindowedsincfunctioncalledLanczos-
2: sinc(� x)

�
sinc(

�
2 x). Flux conservationdemandsfirst thattheoutputimageis multiplied by

theJacobeanof thecoordinatetransformation,andsecondthateachinput pixel is actually
sampledby the outputimage. The latter is easilymetandis oneof the reasonsthe output
imageis sampledat a finer resolutionthe the input images. The first is moresubtle,and
in our currentimplementationtheJacobeanis assumedto beconstantacrosstheimage. In
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generalthis is not true,andwe will have to determinewhetherthis approximationis good
enough.

The currentmappingengineis a modifiedversionof Swarp . We areawareof two
othercandidates,PyMultidrizzle andMSCRED . Thefirst is functionallyequivalent
to Swarp (we judgeit soaftera -very- cursoryexamination)thoughit hasextra features
wearenot likely to makeuseof.

�

1.4.2 The coaddengine
The coadditself is not overly complicated,exceptthat it is impossibleto loadall

of the imagesinto memory. BothSwarp andPyMultidrizzle have (modular)code
whichallow fastworking on subsectionsof imagesfrom disk.

Thereareseveralcoaddstechniquesthatwehavetheluxury of exploring: median,clipped
average,inversevarianceweighted, � 2 againstsky color, subspacefiltering for red z=1
galaxies.We will alsopursuetwo differenttypesof coadd,depthoptimizedandweaklens-
ing optimized. The latter concentratesmoreon thegoodseeingdataandon uniformity of
output,on thetheorythatedgesarebad.

We thusbreakout the coaddinto a completelyseparatestepfrom mapping. This has
advantagessideeffects.We canstorethemappedinput imagessoasto make coaddsmuch
faster. We canpursuethevariousprep-stepson themappedimagesmultiple timeswithout
theexpenseof mapping.Theprepstepsincludes

� sky subtraction:theSDSSphoto sky subtractionis superiorto theSwarp sky subtrac-
tion, for instance.

� flux scalings:thesewill changeaswe getmoredataandtherelative photometryimproves.
� variance:thevarianceof theinput imagesto thecoadddependbothon thesky � andon the

flux scaling.If we usevarianceweighting,this is of coursecentral:we want theweight
mapsto bevariancemaps.

Our currentimplentationusesa versionof Swarp with mostfeaturesturnedoff, using
just asthecoaddengine,andusesdaedaleos andphoto to performall of thescalings
andvariancecalculations.

1.4.3 The tools
We aim to make the mappingenginea standalonetool, and the coaddenginea

standalonetool. This meansthat whenwe mapthe maskswe do this asa separatecall to
themappingengineratherthanjust onegiantcall with images,masks,andPSFsincluded.
Webelievethatthesestandalonetools,thatonecanjustdownload,compile,andrun,havea
greateruseto thecommunitythanmonolithicpipelines.

1.5 Outputs
� mappedinput images
� mappedinputmasks
� mappedinputpsf
� coaddedimage

�
Multidrizzle findsbadcolumns,thoughonly negative badcolumns;theSDSShasbettercodethanthis. Mul-
tidrizzle locatescosmicrays by an iterative coadd-subtractiontechnique;this is perhapsof greaterinterest,
thoughthe SDSShassingleimagecosmicray detectioncodesthat we canuseto maskCR without the very
expensive iterative coaddstep.
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� coaddedimagevariance/weightmap
� coaddedimagen-map
� coaddedimageprimarymask

1.6 Post-burner
The outputof both the mappingengineis singleFITS images;the outputof the

mappingstageis a multi-extensionFITS imagecontainingall of the mappedimagesfor
a given output image. Likewise the outputof the coaddengineis a singleFITS file; the
outputof the coaddstageis a multi-extensionFITS file containingthe image,the masks,
andperhapsthePSF.

Theoutputis

� mappedinput images,masks,andpsfs. Thesewill probablybe in a singlemulti-extension
FITSfile.

� coaddedimage.
� coaddedimagevariance/weightmap. This containsthe informationaboutthe inversevari-

anceperpixel thatthegalaxymeasurementcodewill use.
� coaddedimagen-map.This containsa mapof how many imagescontributedto eachpixel.

Suchasmapis remarkablyusefulin qualityassuranceandtroubleshooting.
� coaddedimageprimarymask.This containsthemasktelling thegalaxymeasurementcode

whichpartof theimageis to beconsidered“primary” areaandwhich is duplicatesky, to
beconsidered“secondary”.

If the entirecoaddmoduleis runningon the desktop,we aredone. If it is beingrun as
partof theinfrastructurethepost-burnerwill not beempty. Thepost-burnerhasto:

1.6.1 Put the files into the archive
Thefiles to besavedhaveto go into thearchive. Thismeansthata) they haveto be

movedto permanentstorage,andb) releventmetadatastoredin themetadatacatalog.
For our next round of implementation,we plan on using SRM to move the files to

dcache/enstore,andto storethemetadatain theNOAO ImageArchive.

1.7 Data Volume
The currentSDSSCoaddconsistsof 3 Terabytes,roughly 10 imagesper field.

Thereare8000fields. Sincethereare5 colors,this translatesto 40,000jobs. Note that if
eachjob is consideredseparately, then the “input” datagrows considerablysincea given
imagecancontribute to morethanoneoutput image;we estimatethe treatingthe jobs as
independentexpandsthe input datato 8 terabytes. While the coderuns, the imagesare
expandedby a factorof 4, sotheoutputof themappingstageis 12 Terabytes.Thecoadded
datais of coursemuchsmallerthantheinput images,andmassesonly 0.5Terabytes.By the
way, clearlyit is non-optimalto treateachjobsasindependent.

For the DEScoaddwe will considerthe ISEA-7-TAN-23 2 sq-degreepatches.Eachof
the imagesis 40,0002 pixels, which at 2 bytescomesto 3.5 Gig. A singletiling of 5000
sq-degreesconsistsof about3000of theseimages,sowill cometo about10Terabytes.This
canbecomparedwith theinput data,whichwill massabout2 TB.

Thefirst tile contributes100%overlap.Thesecondtile overlaps33%,sothreetiles will
contribute.Thethird tile doesthesame.Thefourthtile (andfifth andsixth)overlaptwo tiles
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at44%andtwo moreat8%. For ourestimationpurposeswecanignorethe8%contributions
thoughof coursewe will in practiceusethem.

Theinput datais 2 TB pertiling. Theoutputdatais 2 TB.
We cannow calculatethe datavolumeof year1 for onebandpass:For input thereare

2 tilings, so the input is 4 TB. Thereare3000tiles per tiling, and3.5 Gig per tile for the
expandedimagesso10 TB per tiling. Themappingstageoutput(10 TB + 3*10 TB) = 40
TB. Themappingstageoutputis 1 tiling at 	 4 expansion,and1 tiling at 	 4 expansion,each
tile of which contributesto 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. Themapping
stageoutput includesonetiling which contributesto threeoutput tiles andonetiling that
contributesto two outputtiles.

Eachof thesenumberswill bemultipliedby 4 bandpasses.In year1 thetotal is 16TB in,
8 TB out, and160TB intermediate.In year2 the total is 32 TB in, 8 TB out, and360TB
intermediate.Clearlywe will beputtingthemappingstageoutputontomassstorage.

This calculationsuggeststhatfor year1, andfor thesimulationof year1, will bedealing
with about16TB of inputandabout160TB of output.As of Jan2005,finding1 TB of disk
spaceon a computeclusteris annoying but not impossible.Thediskspacedoublingtime is
about1.5 years,so threeyearshencedisk spacewill have goneup by a factorof 4. In Jan
2008we canexpectthatfinding 4 TB on a clusteris troublesomebut possibe.(Jan2008is
aboutthetimewearein full planningthereductionof 1 yearsworth of simulateddata).We
will probablywant to breakthis up into 
 5 jobs (which we’ll now call campaigns),each
covering1000sq-degrees.In theplanning,we’ll wantto planto reserve4 TB of staticdisk
percampaign,planon consumingcumulatively anadditional20 TB (thoughat any instant
we’ll neverneedthis amount),andplanonreserving40 TB of massstoragespace.

Thus for our SDSStesting“thunder runs”, we’ll seeabouttestsof 1 TB static, 5 TB
cumulative, and6 TB of massstoragespace.This is what we would get if we divide the
SDSScoaddinto threethunderrunspercoadd.We will explorethis regimein theSpringof
2005.
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