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ABSTRACT

BecauseGaia will perform a continuousall-sky survey
at a medium(Spectro)or very high (Astro) angularres-
olution, the on-boardprocessingneedsto copewith a
high variety of objects and densitieswhich calls for
genericand adaptive algorithmsat the detectionlevel,
but not only. Consequently, the Pyxis scienti�c algo-
rithms developedfor the on-boarddatahandlingcover
a large rangeof application: detectionand con�rma-
tion of astronomicalobjects,backgroundsky estimation,
classi�cationof detectedobjects,Near-EarthObjectson-
boarddetection,andwindow selectionandpositioning.
Verydense�elds, wherethereal-timecomputingrequire-
mentsshould remainwithin �x ed bounds,are particu-
larly challenging.Anotherconstraintstemsfrom thelim-
ited telemetrybandwidthandan additionalcompromise
hasto befoundbetweenscienti�c requirementsandcon-
straintsin terms of the mass,volume and power bud-
getsof the satellite. The rationalefor the on-boarddata
handlingprocedureis describedhere,togetherwith the
developedalgorithms,the main issuesandthe expected
scienti�c performancesin the Astro andSpectroinstru-
ments.

Key words: Gaia;Techniques:ImageProcessing;Meth-
ods:DataAnalysis.

1. INTRODUCTION

The motivation of this paper is to describefrom the
foundingprincipleshow theGaiaon-boardscienti�c data
processingis handled. After having introducedin this
sectionthe main scienti�c objectives,the technicalcon-
straintswhich arefacedleadto adaptedtechnical(hard-
wareandsoftware)solutionswhosecurrentstatusandre-
sultsareindicated.

The main scienti�c objective of the Gaia missionis to
obtain a completesurvey down to G < 20 magnitude.
The downloadeddatashouldallow for determiningun-
biasedastrometryandphotometryon-groundfor all ob-
jects,whetherbright,multiple stars,or asteroids,evenin
high densityregions.Besidecompleteness,theon-board

datahandlingshouldthusbe versatile,but alsoef�cient
and reliable. Ef�ciency is neededbecausewhat is ob-
servedbut not downloadedis lost. Reliability is manda-
tory astheon-boarddatais usedto maintainthesatellite's
attitude,neededto guaranteethehighastrometryrequire-
mentstandards.Of courseall thesecriteria may appear
aswishful thinking whenthe actualsky andinstrument
propertiesaretaken in account,if no specialprocessing
wereapplied.

2. TECHNICAL CONSTRAINTS

2.1. GeneralProcessing

The absenceof any all-sky high resolutionCatalogue
with thesamepassbandastheastrometricinstrumentof
Gaiais in itself amotivationfor autonomouson-boardde-
tectionanddatahandling.Uploadinga Cataloguewould
thusnotbepossibleor at leastsuboptimalandat thecost
of complicatingtheon-boardprocessing.

Therearea numberof otherreasonshowever. The �rst,
asalreadymentioned,is the needto perfectlysynchro-
nise the TDI (time-delayedintegration) with the scan-
ningmotionof thesatellite,whichotherwisewouldcause
a blurring detrimentalfor theastrometricmeasurements.
For thepurposeof controllingtheattitudealong-scanand
across-scanmotion measurementsmust be performed,
which in turnscalls for searchingfor thestars'centroids
in someCCDs.

Besides,thewholecontentof all CCDscannotbedown-
loadedbecauseof the telemetrybottleneck:the content
of theAstrometricfocal planeCCDsonly would already
amountto about6000Mbps,while theactualbandwidth
reachesa few Mbps only. To give somehint on how
the useful informationcanneverthelessbe downloaded,
some(illustrative only) numbersfor the Astro instru-
ment can be indicated. For more realistic numbersof
the telemetrybudgetaccountingfor the variouswindow
sizes,seeLammersetal. (2005).

Let us assumethat about55 stars/swill be observed on
the averagein eachof the CCDs. Detectingthen win-
dowingeachstarwith say6 £ 12 pixelsof 16 bits each,
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imply that 10 Mbps would be needed,alreadygaining
a factor600. Then,becauseone-dimensionalmeasure-
mentsallow for achieving theastrometricperformances,
a factor12 canbegainedby a 1 £ 12 binning1. Besides,
this samplinggreatly improvesthe signal to noiseratio.
Finally, afactor> 2 canperhapsbegainedwith alossless
compressionschemePortellet al. (2005).

With this overall factor> 15000,Gaiais a very ef�cient
compressingmachinewhich permitsto copewith there-
strictedtelemetrybandwidth. But one consequenceof
this is the needfor an on-boardcomputerableto detect
objects,provide centroiding with a high precision,then
windowtheobjectsusingsomesamplinganda propaga-
tion algorithmto correctlytrackthewindowsduringtheir
traversalof thefocal planebecausethesatellite's motion
givesdifferentspeedsto thetwo Fieldsof View (FoVs).

2.2. CCD Constraints

The afore-mentionedwindows arebuilt from individual
samplesreadin theserialregisterof a CCD.Thereading
of the CCDsin TDI modeis constrained.First because
the astrometricaccuracy cannotbe achieved without an
ultra-stableinternal thermalenvironment. For this rea-
son, the focal planeassemblypower dissipationhasto
bekeptconstantby the readingof a constantnumberof
samplesateachTDI.

A trade-off mustbeperformedfor thisnumberof samples
per line. It cannotbetoo high asthis would increasethe
detectionnoise,yet it shouldbe large enoughto ful�ll
thescienti�c objectives.Currently, it is suchthat3 £ 106

(Astro) andabout105 (Spectro)starsper squaredegree
canbe windowed. BecauseGaiawill be facing,at least
locally, densitieslargerthanthequotednumbers,thereis
aneedfor aselectionalgorithm,choosingwhichstarwill
bewindowed.

The samplesare producedby binning pixels electroni-
cally, i.e., photo-electronsaresummedinside the serial
register. Thereadingof thesamplesis associatedto ade-
tectionnoise(includingtheread-outnoise,thedarknoise,
analogvideochainnoise,etc).To maximizethesignalto
noiseratio andbecauseonedimensionalmeasurements
aresuf�cient for theon-grounddatareduction,somesam-
pling sizemustbe de�ned in orderto cover mostof the
object's �ux across-scan,taking into accounttheoptical
image,the transversemotion,etc. In mostof the CCDs
the windows are thus madeof one across-scansample
only. TheAF1 CCDsare,however, anexceptionbecause
theacross-scancentroidof theobjectsmustbemeasured
andthe windows arethuscomposedof so-called`serial
windows' madeof 6 samplesof 2 pixels. Theassociated
penaltyis obviously a worsenedsignal to noiseratio in
theAF1 windows.

1Wefollow herethedesignationp £ n to indicateasamplemadeof
p pixelsalong-scan(AL) andn across-scan(AC) electronicallybinned.
As for theCCDs,theusedacronymsareASM=AstrometricSky Map-
per, AF=AstrometricField CCDs,SSM=SpectroinstrumentSky Map-
per, MBP=MediumBandPhotometerCCDs.A CCD line indicatesthe
AC pixel chain.G andGS arethewhitelight magnitudein respectively
ASM/AF andSSM.

While no specialwindowing problemsare foreseenfor
singlestarsin non-crowded�elds, the desiredscienti�c
completenesscannotbe achieved for close stars for a
technicalreason:any given pixel cannotbelongto two
differentsamples.Partially overlappingsamplesarethus
not allowedandoneonly of two (or more)suchsamples
can be readout. Imaging suchclosesystemscan then
only be achieved througha dedicatedwindowposition-
ing algorithmonly.

2.3. FalseDetections

Statisticaltestsareacompromisebetweenfalsepositives
and falsenegatives and this also appliesto any detec-
tion algorithm.Poissonanddetectionnoisescanproduce
falsedetectionswhich canbe avoidedby adoptingcon-
servative detectionthresholds. This assumes,however,
thattheCCD characteristicsarewell-behaved.As a con-
sequenceof this, to ensureproperoperationthroughout
themissionduration,pre-calibrationof theread-outsam-
plesneedsto beperformed.

The radiationenvironment is more of a problemhow-
ever. Besidetheexpecteddegradationin thesky mappers,
moreor lessaccountedfor by thepre-calibrationstep,the
cosmicraysandsolarprotonshave otheradverseeffects.
It is currentlyestimatedthat in 25%of time, 90%of de-
tectedobjectsin averagestellardensitieswill becosmic
rays,not stars. If not detectedassuch,particle impacts
would increasethe on-boardprocessingand telemetry
budget. Becauseof the �x ed numberof sampleswhich
canberead-outby TDI period,cosmicrayswould hence
decreasethe starobservation probability. For theserea-
sons,not only is a con�rmation CCD needed,but some
star-cosmicraydiscriminationshouldbeperformedatthe
detectionlevel to avoid allocatingobviouslyuselesssam-
plesfor theAF1 con�rmation step.

2.4. Bright Stars

Saturatedbright stars,althoughin small numberscom-
paredto thebillion targetstars,areneverthelessthefoun-
dationof themostprecisesciencereachableby Gaia.The
bestprecisiongoes,however, hand in handwith addi-
tional observationaldif�culties: systematiceffects,neg-
ligible for fainter stars,should be avoided here. One
suchsystematiceffect could, for instance,comefrom a
poor across-scanwindow positioning: becausethe PSF
is asymmetrical,a �ux cut-off would leadto biasedcen-
troidingduringtheground-baseddatareduction.

In termsof detection,bright starsare extendedobjects
forming largeconnectedcomponents.Whenthediffrac-
tion spike begins to bedetected,a connectedcomponent
beginsto beformedwhichendsat theendof theopposite
spike. At this point, theobjectis formedandconsidered
detectedso measurements(centroiding,etc) canbe per-
formed.Unfortunately, anupperlimit to thetime needed
for theseoperationsis setby thedelaywhich is available
beforethestarentersthenext CCDs.A causalityproblem
canthenoccurif theobservationsbegin in thesubsequent



337

CCDsbeforethe detectionis completed.Anotherprob-
lem stemsfrom the reboundsof thePSF,which maybe
interpretedasindependentobjectsdetections.Then,as-
sumingthatall this hasbeensolved,themagnitudemust
beestimated,which is rendereddif�cult dueto saturated
pixels.

In termsof observation,two differentstrategieshavebeen
proposed:eitheractivatingCCD gates,which would re-
ducetheeffective observingtime while preventingpixel
saturationor using a specialwindowingof the vertical
spikes(Høgetal.2003).In bothcasesthesamplingmust,
however, beadaptedto avoid saturationat thelevel of the
serialregisterwhensummingthe(non-saturated)pixels.

In summary, bright starspresentchallengesat thedetec-
tion, samplingandwindowpositioninglevels.

2.5. Multiple Objects

Doubleandmultiplestarsarefundamentalobjectswhich
bring a wealth of information in stellar and galactic
physics.Nevertheless,theirhandlingis far from obvious.
As canbe seenin Figure1, a normalwindowing would
frequentlynot allow to correctlycover the components.
Consequently, the(�ux-truncated)one-dimensionalmea-
surementswould complicatethe associateddatareduc-
tion. Both a largersamplingandanadaptedwindowpo-
sitioningarethusrequired.

Anotherconsequenceis that componentsshouldbe de-
tectedascloseaspossiblesoasto ensurethatanadapted
windowing canbeapplied. Below a separationof say2
pixels,a singlewindow cancover thecomponents'light,
but multiple windows may be neededabove this thresh-
old.

2.6. ProcessingLoad

Among all the various adverseeffects met by the on-
boarddatahandling,the mostchallengingto manageis
perhapsthe ability to processthe datawithin the avail-
abletimeconstraints.

Theradiationenvironmentwasmentionedabove, but its
effect on the on-boardprocessingcapabilitieswas not
broached.Theelectroniccomponentscanbeaffectedby
single event effects (bit �ips, short circuits, destructive
failures)andby a total ionizing dose(thresholdvoltage
change).Consequently, classicalcommercialelectronic
componentsarenotdeemedreliablein radiationenviron-
mentsand speciallyquali�ed componentsare required.
Theconsequenceof this is thatit is illusory to expectthe
on-boardcomputingperformancesto be at the level of
evenour old of�ce PCs.Multiplying thenumberof pro-
cessorsis notpossibleeitherbecauseof theimpactonthe
power, massandcostbudgets.Usingprogrammableinte-
gratedcircuits (Field-ProgrammableGateArray, FPGA)
is possible,though,but not for complex algorithms.

It shouldbe mentionedthat eachof the 10 Video Pro-
cessingUnitsin theAstroinstrumenthasto managemore

than1.7 million samplesper second,andthis, whatever
the stellardensity. Then,the processingtime scalesap-
proximatelylinearly with thenumberof objects.A large
rangeof densitiesmustbe handled:the averagedensity
in theASM is about25000starspersquaredegreewhile
the maximumdensityis about120 times this �gure (in
the Astro instrument). If we now considerthe number
of objectsper sample,the SSM would have to handle
about50 timesmoreobjectsthan the ASM, suggesting
that the processingin Spectrowill be much more de-
manding.Both detectionandwindowalgorithmsshould
beoptimised,with asevereselectionstepin SSM.

3. ADOPTED SOLUTIONS

Theprevioussectionintroducedin anaturalway thevar-
ious functions (written in italics) which are neededto
copewith thevariousconstraints.Namely, sequentially:
pre-calibration,backgroundestimation,detection,cen-
troiding, classi�cation,sampling,windowing, selection,
window positioning,con�rmation andpropagationof the
positionsbetweenall successive CCDs. The contentof
thesefunctionsis describedbelow.

The focal planesmay be describedby threemain com-
ponents:theCCD proximity electronics,theVideoPro-
cessingUnits(VPU) andthePayloadDataHandlingUnit
(PDHU).Theroleof theVPU is to detectandmanagethe
windowsof sciencedataandtransmittheseto thePDHU
for subsequentcompressionandpacketisation. Most of
thescienti�c requirementsthusoccurat thelevel of VPU
functionalities.

3.1. Astro and Spectro Processing

For whatconcernstheAstro instrument,detectionis per-
formedin theASM1 andASM2 CCDs,respectively for
theAstro-1and2 FoV. Bothdetectionsallow, afterprop-
agation,for selectingthewindows to beobservedin AF1
(�rst selection).Con�rmation is thenattemptedby run-
ning thedetectionon thewindows observedin AF1. The
objects,if con�rmed, thenundergoasecondselectionfor
theAF2-10observations.Only con�rmed objectswill be
observed in AF11 andBBP1-5 later on. Somewill not
be observed in theseinstrumentsin casesof high stel-
lar density, aswindows arelargerandadditionalwindow
con�icts will thenoccur.

In the spectroinstrument, the objects are detectedin
SSM1andin SSM2thencross-matchingis performedbe-
tweenthesetwo detectionlists. A selectionprocedureis
thenperformedandprovidesthepositionsof thewindows
to be observed in the following SpectroCCDs. Beside
photometry, oneof theCCDshasa specialrole,which is
thepredictionof thespectrato observe in theRVS �eld
(seeCropperetal. 2005).

The purposeof con�rmation (Astro) or cross-matching
(Spectro) is primarily to remove false detectionsdue
to cosmic-rays. A cross-matchingalgorithm is usedin
Spectroas the use of (a limited numberof) windows
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would otherwisediscardtoo many detectionsdueto fre-
quentcrowding. Besides,the cross-matchingprocedure
also tries to detectNEOs, i.e., objectswhosemotion is
signi�cant betweenSSM1/SSM2in the �rst CCD mod-
uleandSSM3/SSM4in thesecondmodule.

3.2. Detection

Initially, a peak�nding algorithm had beendeveloped,
SWA, (Babusiaux1999),which ful�lled mostof thede-
tectionneeds,in termsof detectionrateandef�cient exe-
cution. It washowever foundsaferto developa segmen-
tation algorithm (GD). First, becauseextendedobjects
would not bedetected,or with a smallerprobabilitywith
a peak-�nding algorithm. Second,becausebright and
saturatedstarswould not be handledcorrectly. Finally
becausea segmentationalgorithmwould bemorerobust
with respectto objectssmearedby their motion (aster-
oids), or by the motion of the satellite(in the improba-
blecaseof desynchronisationbetweenTDI andscanmo-
tion). Finally, multiple objectscould perhapsbe more
easilydetectedanddelineatedby thesegmentationalgo-
rithm.

The GD algorithm hasbeendeveloped(Chéreau2002;
Mignot 2003a)basedonAPM (Irwin 1985).Thesucces-
sive stepsarethefollowing: computationof theregional
sky background,interpolationof it for eachpixel, aftera
denoisingstep;pixelsabove noisebuild connectedcom-
ponentswhich form the objectsonto which centroiding
andclassi�cationcanthenbeperformed,afteradeblend-
ing step. The algorithmwas then improved for special
objects: doublestars(Mignot 2003c)and bright stars.
Most of the developments,however, were intendedto
renderahardwareimplementation(Mignot 2003d)possi-
ble. With this intent,it hasbeenimprovedfor speed,with
integer-basedoperations,ahardware-friendlyconnected-
componentsearch,one-passdeblendinganda fastback-
ground estimation. The object classi�cation (mostly
star/cosmicray) is currentlybeingimplemented.

3.3. Samplingand Windowing

Oncea staris detected,a samplinganda windowing has
to be applied. Deep,comprehensive, dedicatedstudies
have beenperformedby E. Høg in successive reports.
Thesamplinghasbeendesignedin orderto give optimal
astrometricand photometricresults,accountingfor the
opticalPSF,thedetectionnoiseof theCCDs,themotion
of thespinaxis,thelimited telemetryandthepresenceof
doublestars.

Every CCD will bring varioustypesof complementary
information.TheAF1-10arenormalwindowsfor theas-
trometry, thoughbright starshaveAC resolutionfor cali-
bration.AF11haslargerwindows(2.500diameter)for the
analysisof thesurroundingsandthediscovery of poten-
tial perturbingobjects.Wider BBP windows provide the
local sky background.TheASMsgive the2 dimensional
information thoughwith a degradedresolution(2 £ 2
binning).

Figure 1. A multiple object in the Baadewindowas it
would be detectedin the Astrometric sky mappers (red
circlesand crossat center, top left), windowedfor con-
�rmation in AF1(top right), windowedin AF2andAF11
(bottom). Several featurescanbeseen:theoverlapping
of windows(withoutoverlappingof samples)in AF1 al-
low to cover several stars; somestars are not coveredas
themaximumnumberof samplesper line wasexceeded.
In AF2, a (imperfect)windowtiling is usedand a large
windowcanbeput in AF11; thelack of samplesper line
is alsoapparent.

Thecomplex sampling,windowing and,moregenerally,
the scienti�c requirementsfor the on-boardstrategy on
which the selectionalgorithm is basedhave beende-
scribedin Høget al. (2003)andthewindowing hasfur-
therbeenre�ned (deBruijne2003b)basedonstudiesrel-
ativeto thepropertiesof thesky (deBruijne2003a),in the
averageandworst-case(the Baadewindow) stellarden-
sitiesin Astro. Thenumberof samplesper line is based
onthismaximumnumberof objectsto behandledwithin
thenominalmodeandon thesizeof thewindows. This
sizeincreasesfor decreasingmagnitudes.

Thecurrentversionfor thesamplingandwindowing de-
sign canbe found in Høg (2004)to which the readeris
referred.

3.4. Window Positioning and SelectionStrategy

It wasplannedat an early stagethat, besidesdetection,
a selectionalgorithmwould be necessary(Babusiaux&
Arenou2001). Performingthe windowing may, at �rst
sight,seemsomethingeasybut it wasrealisedthatalot of
detectedstarswouldbelostsimplybecauseof windowing
constraints.

In theAF1 CCDthereare6 samplesacross-scanperwin-
dow, so two AF1 windows canoverlap(seeFigure1b).
In all other CCDs however, when two windows over-
lap, only one can be read, leading to a reducedfrac-
tion of the objectswhich can be downloaded. This is
even moreobvious whenthe Spectroinstrumentis con-
sidered(de Bruijne et al. 2004). Lessthan80% of the
detectedstarscan have a MBP window in the galactic
planewhereasthe largepixelswindows in AF11 canal-
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most always be allocatedexcept in very high densities
(Figure2).
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Figure 2. Theoretical proportion (%) of detectedsingle
stars of a givenmagnitudewhich couldsubsequentlyob-
tain a 10 £ 4 windowin MBP (full line) or a 68 £ 12
windowin AF11(dashed)asa functionof their (assumed
uniform)densitypersquaredegree, if nospecialwindow-
ing positioningstrategywereapplied.

We could thusbe in a circumstancewherea star is ob-
served, detectedbut not windowed becauseof overlap-
ping. Althoughsinglestarsonly areconsideredin thisar-
gument,theproblemappliesall themoreto doublestars.
Theselectionprogramneedsthusto ensurethatmostof
thedetectedobjectscanreceive awindow.

Taking into accountthe various sizesof the windows
with respectto magnitude,thepriority to magnitudeand
the limited numberof samplesper line, the window-
ing/selectionalgorithm has becomeincreasinglycom-
plex. Moreover, the processingbeing performedunder
stringentreal-timeconstraints,thechoiceof thewindows
must be done on a local scale,with no possibility of
changingthepreviouswindow assignments– this would
back-propagatethecon�ict. Additionally, theprocessing
cannotmake useof an imagein memoryof the pixels
lines in orderto simulatetheareascoveredby windows,
aswasdonein a �rst versionof the selectionalgorithm
(Cira & Arenou2002),astheTDI motionwould imply a
muchtoodemandingaddressingcost.

Maximisingthenumberof observationsin crowded�elds
or for multiple systems,i.e., the scienti�c return,while
respectingthesetechnicalconstraintshasbeenachieved
using several simple ideas: favouring overlappingwin-
dows (without overlappingsamples,as can be donein
AF1), allowing to slightly shift the windows (by a few
pixels only) with respectto its normalposition,allocat-
ing on-the-�y windowsof smallersizewhennormalwin-
dows would not �t (AF11, BBP), or tiling several short
windows to cover multiple systems.A new selectional-
gorithm hasbeenwritten (Chaussard2003),allowing a
possiblemulti-threadedapproachand implementingall
the complexity outlined above – at the expenseof the
computingtime.

3.5. PayloadData Handling Study

The Gaia Payload Data Handling Electronics(PDHE)
contractaimsat designingthe implementationarchitec-
ture for the PayloadData Handling Systemand to de-
velopa representative breadboard(Armbruster2001).

Themaingoalof this activity is thusto sizetheelectron-
icssoasto handlethemaximumobjectdensityin contin-
uousmode. It startedearly2003andtheanalysisof the
Pyxis performancessoonshowed that the plannedcom-
putationalresourceswould not be suf�cient. A mixed
hardware(for pixel processing)andsoftware(for object
processing)implementationwas �rst envisagedwhich
leadto an in�ection of the Pyxis softwaredevelopment
(seeSection3.6). While there were no specialprob-
lemsfor mostof thesky, it wasclearthat therewerenot
enoughCPUresources,includingtheneededmargin, for
themaximumdensityto behandled.

This contracthasnow enteredits secondphase:imple-
mentationon thebreadboardanda full softwaresolution
ona fasterprocessorhasbeenadoptedasbaseline.Pyxis
is beingoptimisedsothata representativeestimateof the
on-boardperformancesmaybeachieved.

3.6. PyxisSoftware

Pyxis2 is thesoftwarepackagedevelopedfor thedatapro-
cessingon-boardGaia. ThePyxispackageencompasses
the detection(GD), selection,windowing, propagation
andcross-matchingalgorithmsaswell asa testenviron-
mentusedin theAstro andSpectroinstruments.Its dual
useis theevaluationof theresourcesneededfor thePay-
loadDataHandlingElectronicscontract(Section3.5)and
thesimulationof thescienti�c outputfor theGaiaGIBIS
simulator(Babusiaux2002).

With the �rst industrialanalysisreceived in April 2003
anddiscussionson alternative algorithms(Arenouet al.
2003b)it becameclear that it would be dif�cult to im-
plementthe algorithmsas they stoodwithin the frame-
work of theforeseenon-boarddatahandlingresources–
namelyto be able to handlethe maximumobject den-
sity in continuousmode. Besideachieving much im-
provedstability andef�ciency, mostof thedevelopment
have thusfocusedon easingmigrationtowardsa mixed
hardware/softwareimplementation.In-depthanalysisof
the algorithmsled to a thoroughrewrite adaptedto the
target architecture: the hardware part would deal with
pixel-basedoperations,while theobject-basedoperations
wouldbedonein software.Demonstratingthefeasibility
of the pixel-basedoperationshasled to designingorigi-
nal methodsdevotedto theconnected-componentsearch
(Mignot 2003b)or to the deblendingschemefor over-
lappingcomponents(Mignot 2003c). A fastestimation

2Pyxis is a constellationof theSouthernhemispherealsoknown as
the `Compass',i.e., the instrumentwhich shows the way, one of the
functionsof theon-boardsoftwarethroughthesatellitespeedmeasure-
ment.Thenew Latin wordPyxiscomesfrom theGreekPuxis(box)and
standshereasareferenceto thepixel boxestransmittedby theon-board
software.TheconstellationPyxiswasnamedby theParisObservatory
astronomerNicolasLouisdeLa Caille.



340

of sky backgroundhasalsobeendevised(Arenouet al.
2003a).Finally, thesoftwarewasextensively reviewedin
orderto providearealisticapproximationof on-boardop-
eration:datatypesweretightly adjustedto suit theunder-
lying scienti�c requirements,simplelogic andlow-level
implementationhave beenintroducedwherever a hard-
ware implementationmight be used,ashave threadsto
fully specifythe degreeof interdependenceof sub-tasks
and emulatehardware-basedprocessing. Iterationsbe-
tweenthe industrial implementationanalysesand their
evaluation(Mignot & Arenou2003) for possibletrade-
offs arestill on-going.All theseefforts aim at altogether
limiting the complexity on the pixel side,ensuringthat
thedata�o ws on theobjectsidearereducedandprovid-
ing a realisticframework for bothestimatingneededon-
boardresourcesandexpressingscienti�c requirement.

While, in a �rst step,theanalysesanddevelopmentscon-
cernedmostly the Astro instrument,a growing involve-
ment now occurs for the sky mappersof the Spectro
instrument. Whereasthe detectionand selectionalgo-
rithms are developedwith the goal to implementthem
also for the SpectroSky Mappersprocessing,the role
of theSSM themselveshadto be re�ned. Thedual role
of SSMsfor furtherselectionof spectraandmoving ob-
jects (NEO/KBO) detection(Chéreau2003) has led to
thedevelopmentof adedicatedcross-matchingalgorithm
Chéreau(2004).

Besidethe evaluationof the processingload on-board,
thedevelopedalgorithmsaredirectly implementedin the
GIBIS pixel simulator(Babusiaux2005)andusedfor the
assessmentof thescienti�c performances.Arenouet al.
(2003c),for instance,compareGD to variousotheralgo-
rithms. As theseperformanceshave to be usedfor fur-
ther evaluationsof telemetry�o w anddatabasecontent,
asimpli�ed modelandtheassociatedcodehavebeende-
veloped,mostlyfor usewithin theGASSGaiasimulator
(Arenou& Lim 2003).

4. RESULTS

4.1. DetectionRate

Themaingeneralscienti�c objective is completeness.In
an averagedensity �eld, the detectioncompletenessat
magnitude20 is easyto achieve (Figure3) andthe cen-
troiding precision(Figure3) permitsto control thesatel-
lite's attitude. In the maximumassumeddensity, beside
small numbersstatisticalvariations,an 85% complete-
nesscanbeachieved(Figure5).

The GD detectionalgorithm usestwo thresholds. The
�rst oneTpix testsif a pixel is above thenoiselevel and
a secondthresholdTob j decideswhetheranobjectmade
of suchconnectedpixelsis above noise.Thetwo thresh-
oldshave beenchosensoasto ensurethatthenumberof
falsenegative (undetected)is minimisedfor a numberof
falsepositive(falsedetections)lessthan1 for onemillion
samples.Becauseof thepresenceof a con�rmation step
we could afford a muchlarger numberof falsepositive,
sotheindicateddetectionrateis alsoconservative.
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Figure 3. Percentage of detectionas a functionof mag-
nitudein theASMfor a simulatedaveragestellardensity
�eld.
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Figure 4. Precisionof the on-board centroiding in the
AstrometricSky Mappers for anaverage density�eld.
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Figure 5. Percentage of detectionas a functionof mag-
nitudein theASMfor theBaadewindow. Thesimulated
image hasbeenobtainedwith a scannedHSTimage, du-
plicatedAC to cover an ASMCCD.Thedensityis about
4 million stars per square degrees,larger thanthemaxi-
mumassumeddensityfor theon-board processing.

As canbeexpectedfrom themuchhigherapparentden-
sity andfrom the muchhigherlevel of sky background,
completenesscannot be achieved in the SpectroSky
Mappersin a fraction of the Galacticplane(Figures6
and7). After thedetectionstep,thefractionof observed
objectsis further reduced,due to the windowing step.
Dependingon the implementedcomplexity at this step
(from no specialwindowing to positioningfeatures,as
describedat Section3.4), the total (cumulative) fraction
of con�rmed, windowed objectscan vary between6%
and25% of GS < 20.15objectsin a 400 000 starsper
squaredegree�eld. This illustratesthegainwhichcanbe
achieved with the windowing algorithmif enoughsam-
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Figure 6. Percentage of detectionin SSMfor a 100000
starspersquaredegreedensityat GS = 20:15.
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Figure 7. Percentage of detectionin SSMfor a 400000
starspersquaredegreedensityat GS = 20.15.

plesperline areavailable.As for theundetectedobjects,
mostwill neverthelessbeknown from theAstroobserva-
tions.

Severalotherpointsareworthnoting: �rst, completeness
shouldnot be evaluatedon a single transit becausethe
various transitswith different orientationsallow to se-
lectononetransitwhathasnotbeenselectedonanother;
animprovedcompletenesswill resultbut with a reduced
numberof measurements.Second,the quotedpercent-
agerefersto acomparisonbetweeninputstarsanddetec-
tions accountingfor only one(the brightest)of possibly
multiple components;for closedoublestars,the fainter
secondarywould alsobewindowed, thoughit is not ac-
countedfor here. Third, the presenceof multiple sys-
temsmay well accountfor the apparentdegradationof
thecentroidingprecision;however, whatis importanton-
boardis to constrainthe satellite's attitude,throughthe
comparisonbetweendetectionandcon�rmation centroid
measurement,which shouldremainconsistenteven for
multiple systems;besides,statisticalrobustnesswill be
introducedfor thiscomparison.

4.2. DoubleStars in Astro

Becauseof the particular attentiondevoted to the ob-
servationof doubleandmultiple stars(includingoptical
doublesin crowded�elds) theperformancesof thedetec-
tion is worth mentioninghere. They areshown in Fig-
ures8 and 9. Thereis a clear improvementcompared
to the SWA peak �nding algorithm (Figure 10). The
improvementis even morenoteworthy comparedto the
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Figure 8. Detectionprobability (%) of doublestars asa
functionof angular separation (arcsec)and orientation
(deg) betweencomponentsfor a uniform distribution of
magnitudedifferencesandprimary magnitude. Therect-
angularangularshapeof thepixelexplainsthelowerde-
tectionprobabilitywhencomponentsarealignedAC.
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Figure 9. Detectionprobability (%) of doublestars asa
functionof separationandmagnitudedifferencebetween
componentsfor a uniformdistributionof orientationand
primarymagnitude, with theGD algorithm.
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Figure10. Detectionprobability (%) of doublestarsasa
functionof separationandmagnitudedifferencebetween
componentswith theSWA peak�nding algorithm.

othertypical detectionalgorithmsusedin theastronom-
ical community, rather logically as GD and SWA have
beenimprovedfor theGaiacase.

To know how this impactson theAstro telemetrybudget,
it is however of interestto translatethesedetectionprob-
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abilities into fractionsof measurements,usingfor this a
binarymodel(Söderhjelm2004).It isexpectedthatabout
5%of starswill beresolvedbinarieswith aseparationand
magnitudedifferencewithin thelimits shown in Figure9,
andto which the shown detectionprobability shouldbe
applied. More relevanthowever is thenumberof obser-
vationswhich would bebinarieswith G < 20 primaries
with a window con�ict in AF1, and wherethe compo-
nentshave a separationlarger than2 pixels AL or AC,
otherwisea singlewindow would not be a problem. It
is expectedthatabout3.5%of observationswould be in
thiscase,andabout0.6%detectedoccurrenceson-board.
This hasto be comparedto what is expectedfor optical
doublesatmagnitude20,about0.5%.TheLow detection
rate for binariesis due to the secondarytoo faint to be
detected.Whenprimariesbrighterthan16 arenow con-
sidered,about2% of observationsmay be binarieswith
window con�ict in AF1-10detectedon-board.

5. CONCLUSION

TheGaiacornerstonemissionprovidesa realchallenge,
not only for the data reduction,but alreadyon board.
The complexity of the sky, addedto the numerousin-
strumentalconstraints,demandsadedicatedandcomplex
on-boarddatahandling.

Thesoftwaredevelopmentof thescienti�c algorithmshas
now reachedanencouragingmaturitysevenyearsbefore
Gaialaunch,thanksto the¼ 8 (wo)man-yeardevotedup
to now.

On-goingstudiesanddevelopmentarerelatedto re�ning
thesetof measurementsandassociatedmethodsin order
to �nely adjustthesoftwarepart,performclassi�cation,
andimplementstar/ cosmicray discriminationcapabili-
tiesaswell ascon�rmation. Apart from furtheradapting
thesoftwareto thevarioustechnicalandprocessingcon-
straints,while maintainingor increasingthescienti�c re-
turn, thegeneralaimof thePyxison-boarddatahandling
developmentremainsto provide a complete,robust and
accuratemodelof objectmanagementin the Astro and
Spectrofocalplanes.
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