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The LOFAR The LOFAR challengechallenge

PathologicalPathological ionosphereionosphere
VeryVery crowdedcrowded fieldsfields ((confusionconfusion, flops), flops)
VeryVery brightbright sourcessources ((dynamicdynamic range)range)
VariableVariable (f,t,k) station (f,t,k) station beamshapesbeamshapes
InstrumentalInstrumental polarisationpolarisation (X/Y voltage (X/Y voltage beamsbeams))
High station High station beambeam sidelobessidelobes ((allall--skysky imagingimaging))
New types of New types of instrumentalinstrumental effectseffects (e.g. (e.g. BSRBSR))
HugeHuge data volume (data volume (TbytesTbytes//hrhr))
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IonosphereIonosphere moviemovie ((GMRTGMRT))
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The The bottombottom lineline

The The newnew generationgeneration of of largelarge radio radio telescopestelescopes
(LOFAR, ALMA, SKA) (LOFAR, ALMA, SKA) needsneeds software software aroundaround a a 
more complex more complex MeasurementMeasurement EquationEquation (M.E.)(M.E.) thanthan
the the existingexisting packagespackages cancan offeroffer
A user A user shouldshould notnot dependdepend onon packagepackage buildersbuilders toto
implementimplement a a particularparticular M.E.M.E.
MeqTreeMeqTree is is anan attemptattempt toto do do thisthis (the (the onlyonly oneone!)!)
The The existingexisting telescopestelescopes needneed somethingsomething alsoalso......
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The The MeasurementMeasurement EquationEquation
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Hamaker-Bregman-Sault formalism
Station-pair (i,j): Vector of 4 ‘correlations’
Matrix equation: full polarization 
Instrumental Jones matrices J (2x2)
Stokes matrix S (4x4)
Sum over sources (k): Flux [I,Q,U,V] 
Integral over time-freq domain

See also:

AIPS++ 
note 185
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M.EM.E.  .  instrumentalinstrumental effectseffects
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3C84, WSRT, 21cm3C84, WSRT, 21cm
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The big issuesThe big issues

ImageImage--planeplane effectseffects
Extra processingExtra processing
ApplyApply toto extendedextended sourcessources

MinimiseMinimise the the numbernumber of parametersof parameters
Minimum Minimum IonosphericIonospheric Model (Model (MIMMIM))
BeamshapesBeamshapes

Data volume (performance)Data volume (performance)
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PathPath toto LOFAR LOFAR calibrationcalibration softwaresoftware

TwoTwo separate teams: separate teams: 
DevelopmentDevelopment: : MeqTreeMeqTree module and module and AIPSAIPS++ ++ 
ImplementationImplementation: Black Board : Black Board SelfcalSelfcal ((BBSBBS))

MeqTreeMeqTree is a is a tooltool forfor M.EM.E. . developmentdevelopment
ReduceReduce the the numbernumber of parametersof parameters
LowLow thresholdthreshold
ExerciseExercise onon realreal data (WSRT/data (WSRT/WHATWHAT, VLA74 , VLA74 HMzHMz ……))

InvolveInvolve lotslots of of peoplepeople ((especiallyespecially nextnext generationgeneration))
Continue Continue withwith MeqTreeMeqTree module module afterwardsafterwards
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AlternateAlternate betweenbetween twotwo domainsdomains

InstrumentalInstrumental errorserrors are in are in FourierFourier domaindomain
TheyThey varyvary in time and in time and frequencyfrequency
TheyThey varyvary over the Field of View (!)over the Field of View (!)

BrightBright sourcessources are are subtractedsubtracted in in FourierFourier domaindomain
FaintFaint sourcessources are are foundfound in image in image planeplane

ButBut subtractedsubtracted in in FourierFourier planeplane ((PSFPSF))

ResidualResidual images must images must bebe deconvolveddeconvolved
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The The resultresult of of successfulsuccessful calibrationcalibration
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Part Part IIII: : MeqTreeMeqTree Module Module OverviewOverview
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Residual images

Global Sky Model

MeqParm tables

V.O.
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The The MeqTreeMeqTree KernelKernel

ImplementsImplements arbitraryarbitrary M.EM.E..
SolvesSolves forfor subsets of subsets of M.EM.E. parameters. parameters
PolicyPolicy FreeFree (!) (!) 

WillWill bebe appliedapplied toto otherother areasareas

Data interface (MS)Data interface (MS)
MeqParmMeqParm interface (interface (AIPSAIPS++ tables)++ tables)
Tree Tree DefinitionDefinition LanguageLanguage ((TDLTDL))
User User interactioninteraction via the via the MeqBrowserMeqBrowser
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LocalLocal SkySky Model (red) and user tree (blue)Model (red) and user tree (blue)
GSM

StokesI StokesQ StokesU StokesVStokesI StokesQ StokesU StokesV

RA Dec

GSM subset

spatial
spectral

window
observation

(obswin)

MS
uv−data set(s)

Cas A

Sun

spatial
spectral

observation
resolution
(obsres)

4D patch images

subtrees

su
bt

re
es

MeqParm table(s)
(instrumental)

XX XY YX YY

uv−data

predicted visibilities

Multiplication with Stokes Matrix

FFT −> UVBricks

User Forest

p−unit table
(controlling)

up
da

te

se
le

ct

facet imaging

residuals

point source manifestations patch manifestations

(together they implement a Measurement Equation)
LSM subtrees are integrated with the User Forest

facet residual images
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LSM Interface GUILSM Interface GUI
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ThreeThree categoriescategories of of sourcessources

CatCat I: I: BrightBright enoughenough toto bebe usedused forfor SelfcalSelfcal
SubtractedSubtracted individuallyindividually fromfrom the the uvuv--datadata

CatCat IIII: : BrightBright enoughenough toto bebe identifiedidentified in a in a residualresidual
image, and put image, and put intointo the LSMthe LSM

SubtractedSubtracted in in groupsgroups ((patchespatches) ) fromfrom the the uvuv--datadata

TooToo faintfaint toto bebe in the in the LSMLSM, , soso notnot subtractedsubtracted in in 
the the uvuv--planeplane

ImperfectlyImperfectly imagedimaged……
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PeelingPeeling

Deal Deal withwith sourcessources//patchespatches sequentiallysequentially
LargeLarge potentialpotential savingsaving in processingin processing

SelfcalSelfcal: : SolveSolve forfor instrumentalinstrumental parameters in the parameters in the 
directiondirection of of brightbright sourcessources, in order of , in order of brightnessbrightness

PotentialPotential problemproblem: : contaminationcontamination of of fainterfainter sourcessources

SubtractionSubtraction: : AllAll LSM LSM sourcessources ((CatCat I and I and CatCat IIII))
EachEach time, the time, the phasephase centrecentre is is shiftedshifted toto the the 
positionposition of the peeling of the peeling sourcesource oror patchpatch
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Bottleneck: Bottleneck: SourceSource subtractionsubtraction

AllAll LSM LSM sourcessources are are subtractedsubtracted fromfrom the the uvuv--datadata
RequiresRequires uvuv--modelmodel derivedderived fromfrom LSMLSM
ButBut: We are : We are notnot interestedinterested in the details (flux, in the details (flux, 
positionposition) of ) of individualindividual foregroundforeground sourcessources
Are Are therethere waysways toto ‘‘filterfilter’’ themthem out?out?
The PAST team The PAST team maymay have the have the beginningbeginning of of suchsuch
anan algorithmalgorithm……
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Residual (facet) imagingResidual (facet) imaging

Split the fieldSplit the field--ofof--view up in facetsview up in facets
Correct residual Correct residual uvuv--data for facet centredata for facet centre

Errors increase towards the edgeErrors increase towards the edge
Integrate (f,t) to decrease fieldIntegrate (f,t) to decrease field--ofof--viewview
FFT: Make a residual image of each facetFFT: Make a residual image of each facet
AnalyseAnalyse residual images:residual images:

Find/update Cat II GSM sourcesFind/update Cat II GSM sources
DeconvolveDeconvolve Cat III sources (if possible)Cat III sources (if possible)

Combine with GSM: LOFAR deliverables Combine with GSM: LOFAR deliverables 

facet

field of view
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SourceSource extractionextraction fromfrom residualresidual imagesimages

NeedNeed a PSF a PSF 
StrictlyStrictly validvalid forfor centrecentre of field of field onlyonly
ButBut maymay degradedegrade benignlybenignly towardstowards the the edgeedge

FirstFirst check check positionspositions wherewhere CatCat II II sourcessources have have 
been been subtractedsubtracted: update LSM : update LSM sourcesource parametersparameters
ThenThen look look forfor newnew ((CatCat IIIIII) ) sourcessources forfor LSMLSM
IterateIterate untiluntil diminishingdiminishing returnsreturns
UltimatelyUltimately, , useuse the LSM the LSM toto update the GSMupdate the GSM
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SomeSome imagingimaging artefactsartefacts

RemnantsRemnants of of CatCat I I subtractionsubtraction (peeling)(peeling)
RemnantsRemnants of Radio of Radio FrequencyFrequency InterferenceInterference
BSR effect (BSR effect (farfar fromfrom brightbright sourcessources……?)?)
PatternPattern of facet of facet edgesedges ((catcat III III imagingimaging))
SidelobeSidelobe confusionconfusion (PSF (PSF sidelobesidelobe levellevel))
PatternPattern of of pp--unitunit edgesedges ((catcat II II subtractionsubtraction))
Etc, etcEtc, etc
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Bandpass Bandpass SawtoothSawtooth RippleRipple (BSR (BSR 
effect)effect)
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GlobalGlobal SkySky Model (GSM)Model (GSM)

VeryVery largelarge numbernumber of LOFAR of LOFAR sourcessources
InhomogeneousInhomogeneous parametrisationparametrisation

IncludesIncludes shapeletsshapelets, , pixonspixons and and actualactual imagesimages
UseUse MeqTreesMeqTrees in GSM/LSMin GSM/LSM

FreqFreq/time /time dependenciesdependencies
UseUse funkletsfunklets in GSM/LSMin GSM/LSM

ShouldShould bebe compatible compatible withwith VirtualVirtual ObservatoryObservatory
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PART PART IIIIII: : MeqTreeMeqTree detailsdetails
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MyMy firstfirst MeqTreeMeqTree
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A node result contains A node result contains vellsvells, i.e. an , i.e. an 
array of values for the cells of a array of values for the cells of a 
given domain (t,f):given domain (t,f):

time

freq
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MeqParmMeqParm valuesvalues are are ‘‘funkletsfunklets’’
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FunkletsFunklets ((contcont’’dd))

Most Most M.EM.E. paramaters have 2D (f,t) . paramaters have 2D (f,t) polynomialpolynomial
funkletsfunklets
ButBut: : funkletsfunklets anan have have anyany numbernumber of of dimensionsdimensions, , 
withwith different base different base ‘‘functionalsfunctionals’’ alongalong eacheach axisaxis
ExamplesExamples of complex of complex funkletsfunklets::

The Minimum The Minimum IonosphericIonospheric Model (Model (MIMMIM))
Station voltage Station voltage beambeam shapesshapes
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A A solvingsolving treetree
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MeqSolverMeqSolver issuesissues

BasedBased onon AIPSAIPS++ fitting (++ fitting (WNBWNB))
SVD (SVD (alwaysalways inverts)inverts)
NonNon--linearlinear ((requiresrequires iterationiteration))
UseUse solver solver metricsmetrics toto monitor monitor qualityquality
LocalLocal intelligenceintelligence toto minimiseminimise iterationiteration
ResampleResample data data toto minimiseminimise cellscells (=(=equationsequations))
UseUse tiledtiled solutionssolutions toto minimiseminimise node overheadnode overhead
OptimizeOptimize inversioninversion wherewhere possiblepossible
AlternativesAlternatives??
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The The manymany windowswindows intointo MeqTreesMeqTrees

EveryEvery node node maymay bebe inspectedinspected individuallyindividually
Contents of Contents of itsits state recordstate record
Plot of Plot of itsits resultresult

BuiltBuilt--inin views of the views of the resultsresults of of groupsgroups of of nodesnodes
HistoryHistory nodesnodes collectcollect intermediateintermediate resultsresults
Debugger Debugger functionalityfunctionality ((pausepause, , resumeresume, , brktpntsbrktpnts))
The The meqbrowsermeqbrowser itselfitself is a is a newnew kind of user kind of user 
interface (incl. interface (incl. editingediting of script of script hierarchyhierarchy))
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MeqBrowserMeqBrowser withwith tree, script and viewstree, script and views
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XY/YXXY/YX

W
SR

T polari zation
calibration
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MeqBrowserMeqBrowser withwith parmparm fiddlerfiddler
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ResultsResults soso farfar

StableStable kernelkernel and browserand browser
3c343 (3c343 (MichielMichiel BrentjensBrentjens))

AlsoAlso: : MiriadMiriad, , NEWSTARNEWSTAR, , AIPSAIPS++++

M81/82 (Tom M81/82 (Tom OosterlooOosterloo): Peeling in ): Peeling in MiriadMiriad
MinimimMinimim IonosphericIonospheric Model (Model (MIMMIM))

URSI poster URSI poster byby JimJim AndersonAnderson

Model of CLAR Model of CLAR beambeam ((TonyTony Willis)Willis)
Model of LOFAR WHAT station Model of LOFAR WHAT station beambeam
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MeqTreeMeqTree: 3C343.1 & 3C343: 3C343.1 & 3C343

Result by Michiel Brentjes

Uncalibrated Image Calibrated Image
2 sources subtracted
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MeqTreeMeqTree: 3C343.1 & 3C343: 3C343.1 & 3C343
The MeqTree System is a reduction module that implements
Generalized Self-Cal and allows automatedPeeling

LOFAR Self-Cal will be based on experience with the MeqTree System

Result by Michiel Brentjes
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FirstFirst externalexternal user (user (TonyTony Willis, Willis, 
PentictonPenticton, Canada):  CLAR , Canada):  CLAR simulationssimulations

AIPS++ (20 min chunks, image-plane) MeqTree (continuous, station-specific)
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Peeling Peeling onon M81 & M82 M81 & M82 

standard selfcal entire field 2-patch peeling (miriad)

(Result by Tom Oosterloo)
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ConclusionsConclusions

LOFAR LOFAR calibrationcalibration willwill notnot bebe easy easy 
We have a lot of We have a lot of newnew ideasideas
ButBut more are more are neededneeded
The stage is set The stage is set forfor M.EM.E. . developmentdevelopment
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