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ABSTRACT
A giant distributedradio telescopeis an unusualkind of massive
parallelcomputingsystem.Thedesignof sucha systemis a mul-
tidisciplinary effort that is hardto accomplishwithin a reasonable
periodof time,andwith ahigh level of confidencethattheresulting
systemwill ultimatelybewhatit hasto be,now andin thecourseof
its entirelife span. Issueslike deriving specificationsfrom some-
timesincompleteandconflicting requirements,exploring alterna-
tivesin behaviors andorganizations,andansweringwhat if ques-
tions in an interactive way arenot easilymasteredwithout having
a methodology anda framework in which all thesecrucialaspects
of a designtrajectorycanbe integrated. Thereis still a large gap
betweenwhatthatmethodology andthis framework shouldbeand
whatthecurrentapproachesare.In anattempttoshedmorelight on
thatgap,a few telescopeconcepts,like theLow Frequency Phased
Array (LOFAR), andtheSquareKilometerArray (SKA) telescopes
that have beenproposedto be built in the coming decades have
beenanalyzed, anddown-scaledversionsof thesetelescopeshave
beentaken throughan iterative exploratory specificationprocess
with theobjective of identifying what themethods in themethod-
ology andthe tools in the framework shouldbe for the designof
the giant telescopeto be successful.The paperreportson oneof
thesecasestudieswhich is theThousandElementArray (THEA),
a down-scaled versionof theSKA radiotelescope.
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1. INTRODUCTION
Designingalargescalesystemsuchasamassively parallelcomput-
ing system,in particularadistributedreal-timesystem,canbedone
in several ways. Oneapproachis to designa small versionproto-
type and,whensuccessful,scalingthat prototypeup in a number
of consecutive steps.This approachdoesnot alwayswork because
thesmallerprototypemaynotbescalable.Anotherwayis to design

the large scalesystemitself, reusingasmuchaspossiblepartsor
componentsthathavebeendesignedandworked with before.This
approach doesalsonot alwayswork, becauseif thereis not much
to bereused,thenthedesignproblemis toocomplex andmany de-
cisionsaretakenwithoutknowing well whattheconsequenceswill
belateron. To overcomethisproblemanew approach is advocated
in this paper: dividing the designprobleminto two major steps.
Thefirst stepis aniterativeexplorationstepin which requirements
and constraintsare translatedto specifications.The secondstep
translatesspecificationsinto implementations.This paperfocuses
on thefirst step.Therequirementsandconstraintsareprovidedby
theend-users.They expresstheuser’s expectations.For example,
theusermayrequirethatthesystem(distributedradiotelescopein
our case)must be callibrateble,have a particularsensitivity, and
be capable of operatingin a number of modes. Numberanddis-
tributionof antennas,necessaryprocessing of signalsandtrade-off
betweendistributedandcentralprocessingareall issuesthat fol-
low from therequirementsandconstraintsandthatarepartof the
specification.

Thespecificationisexpressedin termsof high-level (abstract)mod-
els. Therearethreemodelsinvolved. Thefirst oneis a behaviorly
modelthatconsistsof anumber of partialbehaviorsandtheinterre-
lationsbetweenthem.It is a possibledecomposition of thesystem
behavior that is obtainedthroughan iterative, interactive andex-
ploratoryprocessthat is basedon metrics,suchas the sensitivity
of the requirementswith respectto changes in thedecomposition.
Thesecondmodeldealswith theorganizationof thesystemandfo-
cusesoncostandperformance.Thismodelconsistsof anumberof
componentsandtheir interconnections. Thethird modelrelatesthe
othertwo modelsanddealswith possiblemappingsof thebehavior
into the organization. Part of the constraintsor boundary condi-
tionsmaybethatcertainentitiesin themodelshould betakenfrom
a library. Theseentitiesmust be so specifiedand describedthat
they canbeblindly incorporatedin themodelswith a high level of
confidence. The threemodelstogetherconstitutethesystemspec-
ification (or model). Includedis the requirements-to-specification
phaseis a top-downandbottom-upflow of informationwhich re-
sults from two processesthat take placeat a numberof levels of
abstraction.Thefirst processis anexplorationprocess,thesecond
oneis a refinementprocess.Theseareexecutedon critical subsys-
tems,or partsof these.Theexplorationprocessexploresdifferent
alternativeson agivenlevel of abstraction.Therefinementprocess
takesa selectedalternative oneabstractionlevel down for a closer
analysis.



We arecurrentlyputtingexplorationandrefinementtools together
in a framework in which therequirements-to-specificationprocess
canbe performedandquestions suchas: What if we modify this
requirement? The constructionof the framework is succeeding a
casestudyin which theprocesshasbeenprototypedandvalidated.
The casehasbeena down-scaledversionof the SKA radio tele-
scope,calledthe THousandElementsArray (THEA). For THEA,
the systemspecification(the threemodelsmentionedabove) has
beenderived andsimulated. The organizationof the systemwas
built on library blocksthatthemselvesaredefinedin termsof com-
ponents.At thelowestlevel of abstraction,behavior is mappedinto
components.At the level of abstractionabove this one,composi-
tionsof behaviors aremappedon candidatelibrary blocksthatcan
support thecorrespondingcomponentcompositions.Higher levels
of abstractionarethe sub-subsystemsor subsystemsof THEA as
they have beenidentifiedduring thedecomposition phase,starting
at thehighestlevel wheretherequirementsandconstraintsarede-
fined.Theorganizationatthehigherlevelsof abstractionis in terms
of compositionsof blocks. Theblockscomein familiesandareso
chosenthat the systemis scalable,that is, the SKA telescopecan
bespecifiedin termsof theseblocksaswell. Thecomponentsand
blocksarenotnecessarilytheonesthathaveto beusedin thesubse-
quent specification-to-implementationprocess.However, they are
sochosenthatthederivedspecificationcanindeedbeimplemented
to get a prototypeif so desired.This prototypehas,in fact, been
built - after the requirements-to-specificationprocesswas termi-
nated- to demonstratethat the final specificationof the systemis
sufficiently accuratethat it cansatisfy the requirementsandcon-
straintsgivenby theend-users.

Therestof thepaperis organizedasfollows. Section2 is devoted
to theTHEA systemrequirements andconstraints.Section3 deals
with the high-level systemmodel and its exploration. Section4
concludesthepaper.

2. THE THOUSAND ELEMENTS ARRAY
Theprinciplesof phasedarrayantennas weretestedon theOSMA
[2] systemat Astron for 64 antennaelements.This studyguided
theTHEA systemspecificationandsimulation.Beinga smallsize
telescopeprototype,THEA hadto be specifiedin a scalableway.
Whatever the requirementsandconstraintsthat the end-usermay
provide, every radio telescopereceivesthreetypesof signals,two
of which have to be removed anyway. The first signaltype is the
signalof interestfrom thesky. Thesecondsignaltype is theubiq-
uitousnoisesignal that may have a power level that is ashigh as
70 dB above the signal of interest. The third signal type is the
strongman-maderadiofrequency interferencesignalthatmayhave
a power level ashigh as70 dB above thenoiselevel. Interference
signalscanbemitigatedby meansof so-calledadaptivebeamform-
ers,noisesignalscanbesuppressedby meansof correlationtech-
niques. Thus,a first rough modelof THEA will be asshown in
figure1.

2.1 Requirementsand constrains
Themain requirementsfor a telescopespecificationaretheobser-
vation modesandtheir frequency range,the sensitivity of the in-
strument,thecalibrationandon-lineprocessingrequirements,and
thedatareductionrequirements. Top-level specificationparameters
arederived from theserequirements.For example, the sensitivity
of the instrumentscaleswith the squareroot of the signal band-
width

�
andthe numberof antenna��� . Requiredsignalprocess-

ing speedandand I/O ratesarealso linearly dependent on these
factors.Numberof RFI sourcesin theenvironment,RFI mitigation
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Figure 1: A non-constrained THEA model: the signals col-
lected fr om the antennasare processedby an adaptive beam-
former that detectsand removes a spatial distribution of the
RFI signals. A subsequentcorrelation extracts the astronomi-
cal signal fr om the surrounding noise

techniques, andsystemnoisehave all critical impacton the tele-
scopeperformance. Typical top-level parametersareasshown in
table1 below.

A coarseandsimplecomputationalmodel,basedonly on a certain
measureof computationalcomplexity (suchasthenumberof mul-
tiplications),canbe derived from the top-level parameters.Inter-
connectioncomplexity andothermapping parametersareexcluded
from this evaluation.As anexample,table2 containsthetop-level
computingratesof the beamformerfor two of the possibletech-
niques: hierarchicalbeamformingand Fourier beamformingat a
certainlevel � in thehierarchy. Thesetechniquesaredescribedfor
THEA in [3]. Theconstraintsof aparticularsignalprocessing tech-
niquefor datadistribution will influencethedetaileddesignof the
processingnodes.

2.2 THEA dataandcontrol flow requir ements
From the coarsecomputing requirements of the beamformer we
canestimatealsothecomplexity of thecontrolflow andderive in-
terconnection ratesandreal-timerequirements.

Data flow processing

R.T. control

Non−time−critical control

20 GBit/s

2 MBit/s

20 GFlops

2 GFlops

0. GFlops

Data rates Processing

Processing node

20 MBit/s

Figure2: Beamformer data and control flow requirements

In figure2 theprocessingrequirementsandmoduleexchangerates
arespecifiedfor a dataflow processinglayer, a real-timelayerand
a non-time-criticalcontrol layer. Data flow and control flow are
strictly separated.

Thesignalprocessinglayerperformsmassively parallelspatialfil-
tering computing that will mostlikely have to be mappedinto or-
ganizationalblockcontainingcomponentsin whichdistributedsys-
tollic like networkscanbeconfiguredfor efficient execution.Cost



Table1: Top-level parametersfor the THEA DSPback-endspecification���	�
�	�
� � ��� � � ��� ��� ��� ��� ��� ��� � ����� �	� ������� �	 
THEA ! !#" $&% ! ' ���(!#" !�' !)' 1024 1 4/20 10*,+ -Numberof station *.- -Numberof antenna(or pre-formedbeams)perstation/10 -Inputbeamsamplingrate(MHz) *.2 -Numberof independentbandor RFbeams*�3 -Numberof polarization *
4 -numberof digital beamsformed*,5 -Inputsamplewordlength *65 4 -Outputbeamsampleword length*,+�2 -Numberof spectralchannels 798 -Integrationtime (ms)*,:<;6= -Max numberof RFI (MHz) 7?> -Updaterate(ms)

Table 2: Coarsecomputing rates for the DBF
Function Formula Computingrate

(GigaComplex MAC/s)

HierarchicalBF @)�BA
�DCE!)F��������GA
�HF�� � A
�HF ��� A
�<F 10.24
FourierBF @ � A
�ICJ!)F�� � A	!�'(K �(L&M ���<A
�HFNF � �&A
�HF 15.36

and performancenumberscan be obtainedby mappingpartsof
suchnetworks into FPGAsandextrapolatingtheselow level cost
andperformancenumbersto obtainthenumbersat thehigherlev-
els.

The real time control layer performsthe necessarycomputations
to update the spatialfilter parametersat a rate that is lower than
the processingrate in the signalprocessinglayer. From the top-
level parametersderivedfrom therequirements,it follows thatthis
processing could be mapped into a block containingcomponents
for extensive memoryaccessandISA like computation. Updating
thefilter weightsandfiltering run with tied real-timeconstraints.

Thenon-time-critical controlconsistsof a low informationrateto
thefront endof thetelescopeandthesystemscheduler. Connecting
this processingcontrol to a clusterof PCsis a compactancostef-
ficient solutionfor power supply, network connection, storageand
acquisition.

3. SYSTEM MODEL EXPLORATION
Given the requirementsandconstrainsfor the THEA system,the
top-level parameters,andtheroughnon-constrainedTHEA model
of figure 1 , we proposean exploration strategy that is basedon
the decomposition and refinementdownwards from this level of
abstraction,theanalysisof alternativesat variouslevelsof abstrac-
tion - at leastfor thecritical partsencounteredat theselevels,anda
subsequentcomposition of behaviors andorganizationsin the op-
positedirectionof thelevelsof abstractions,includingvalidations.
Theendresultis anaccuratespecificationof thesystem,including
costandperformancenumbers.This specificationis to betakenas
an input for a subsequent designand implementationphase.The
wholeprocessis schematicallyspecifiedin figure3.

A few specificstepsin the processmay illustratethe concept and
methodology. Beforegiving them,we first presentthe endresult,
which is thesystemspecificationmodel. For THEA this modelis
shown in figure4.

In thisfigure,theupperpartis themodelthatspecifiesthebehavior.
It is anuntimednetwork consistingof processesthatareintercon-
nectedthroughunboundedFIFO channelswith blockingreadsyn-
chronization (a so-calledKahn ProcessNetwork [5]). The beam-
formerin themodelof figure1 hasalreadybeenrefinedinto aDBF
process(specialfiltering) andanAWE process(weightupdating).
A selectprocesshasbeenidentifiedbecauseof therequirementthat
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Figure3: The proposedexploration strategy

multiplebeamshaveto beprovided simultaneously, someof which
have to be selecteddepending on the selectedmodeof operation.
Thelowerpartin thefigureis themodelthatspecifiestheorganiza-
tion of thesystem.It consistsof blocksthataretakenfrom alibrary
of pre-specifiedblocks. The Matrix shuffling block is a composi-
tion of FPGA-like components. TheControl processingunit is an
ISA-like component that, togetherwith the accompanying Mem-
ory component, constitutesanotherblock from the library. The
dottedlines connectingthe the two modelsrepresent themapping
model. This sort of modelingis known as the Y-chartmodeling
methodology [6]. Thisapproach allows usto keepthebehavior (or
application)andthe organization(or architecture)separated,for a
plusof flexibility . By analyzingsimulations,onecanmodify either
theapplication,or thearchitectureor themappingandreiteratethe
process.

AWE
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End HSR DBF Select FX Correlator Aquisition
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Storage
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processing

24 bit
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Figure4: The THEA specificationmodel

The systemspecificationmodelshown in figure 4 hasbeensimu-



latedin theSesameframework createdat theUniversityof Amster-
dam[8]. Somesimulationresultsaredisplayedin table3.

This table shows that the real-timeconstrainscould not me met
in two similations(intersectionof columnfour androws oneand
three). This wasdo to the fact that the fast processingblock that
wasselectedfrom thelibrary did not containenough memory. No-
tice theshortsimulationtimesfor theTHEA system.

We arenow readyto illustratetwo typical stepsin theexploration
cycle. Onestepconcernsbehavior exploration(alsocalledappli-
cationexploration), the otheronedealswith organzizationexplo-
ration(alsocalledarchitectureexploration).

3.1 Application exploration
Recallingthatonly critical partsareexploredandpossiblyrefined,
we focuson theadaptivebeamformerwhich is, indeed,a very crit-
ical part. No block in the library canexecutethe adaptive beam-
forming processin real time. Thereforetheadaptive beamforming
applicationis split in two processes thatcanrun concurrently:the
DBF (spacefiltering) processandtheAWE (adaptive weight esti-
mation)process.The specificationof the two processesis shown
in figure5.

w[NANT] = AWE(in_sample[SAMPLE][NANT])
C = in_sample * complex_conj(in_sample)
[eigvect, eigval] = eigen_val_decomp(C)
w = compute_w(eigvect, eigval, C)

out = DBF(in[NANT])
out = 0
for i=1:1:NANT
   out += in[i] * w[i]
end

Beamformer

DBF

AWE

Figure5: The THEA beamformer

The DBF processis a set of complex valuedinner productsthat
arerequiredto run concurrentlyat a very high repetitionrate.The
AWE processthathasto updatetheweightvectorsin theDBF pro-
cessatarelatively low rateis aneigenvaluedecompositionof aco-
variancematrix built on themultiple antenna samples.Both speci-
ficationscanberefinedin variousways.To explorethealternatives,
weusea toolsetcalledCompaan[9] thatallowsusto transformau-
tomatically a given nestedloop algorithm written in Matlab into
a Kahn processnetwork [5] specification.This toolsetusesa few
aggressive techniques,suchasarraydata-flow analysis,dataparti-
tioningandlinearization,in ordertoexposetheinherentparallelism
of theanalyzedalgorithms[1]. If theresultsof thetransformations
appliedto the original algorithmarenot asgoodasexpected, the
Compaantoolsetoffersthepossibility to derive a setof alternative
processnetworks. This canbe achieved by applyingalgorithmic
transformationtechniques,suchasskewing andunfolding [10], to
the original applicationto exposevariousdegreesof concurrency
availablein thegivenalgorithm.

Moreover, the processnetworks derived by Compaancanbe con-
vertedinto synthesizableVHDL and implementedinto an FPGA
[4] to extract realisticcostandperformancenumbersfor thegiven
Kahnnetwork. Thesenumberscanthenbeimportedin thehigher-
level model for simulationpurposesat higherlevelsof abstraction.
Tools that we useto simulateandexplore at higher levels of ab-
stractionareSpade[7] andSesame[8].

3.2 Ar chitectur e exploration
The telescopeapplicationis distributed in spacewith remotean-
tennasdelivering a sustaineddataflow. For optimum useof the
high speedlink bandwidth, costandpower consumption, point to
point (optical fiber) connectionsare the optimum choice. Such
connectionsguaranteesustainedinput ratesand low transmission
errors.Theopticalfibersarealsousedto distributea centralsam-
pling clockandsynchronizationinformationto theantennas.These
choicesoriginatefrom the userdefinedrequirementsandarepart
of thepre-definedboundary conditionsfor theorganizationexplo-
ration. They also take scalability requirementsinto account. In-
deed,the sameprinciplescanalsobe usedfor the distribution of
the dataflow over clustersof processing nodes (THEA clones).
The processesschedulingis then derived from the synchroniza-
tion signalsandthe centralclock. The processing andcommuni-
cationblocksin thelibrary arespecifiedin suchawaythatthehigh
troughputs can be sustainedwith moderateto complex datapro-
cessing,thatinterconnectionscanbemadein acorrect-by-construction
way, andthatupscalingof thesystemdoesnot requireblocksother
than thosein the library. The mappingof behavior to organiza-
tion is a mappingof processesto blocks. Notice thatalthoughthe
applicationexplorationis possiblygoingdown to amappingin FP-
GAs for calibrationpurposes,the final mappinghasto make use
of the library blockswhich arenot necessarilycomposedof inter-
connectedFPGAs.However, thesecalibrationnumbersareusefull
to supportand guide the organizationor architectureexploration
which in is essentiallya block selectionprocess.The blocks that
werespecifiedanddescribedfor the THEA casestudyarerepro-
grammable/configurableandscalable.They allow for a greatvari-
etyandscalableorganization.An exampleof (partof) a largescale
systembuilt on theTHEA blocksis shown in figure6.

Figure 6: Network with processingnode interconnectionsat a
largeantennastation scale.

Thisfigureillustratesthedeploymentof processingnodesattached
to a computerfrom a cluster. Thehigh speedlink connectionsvia
opticalfiberson dedicatedprocessingnodesallows a largevariety
of configurations,with interblockconnectionsarbitratedby anob-
ject requestbroker. Clustersof nodescanvirtually be expanded.
Thegenericdesignof theTHEA blockswith re-programmable and
scalableconfigurationsallows largearchitecturedeployments.

4. CONCLUSIONS
We have presenteda casestudyin deriving specificationsfrom re-
quirementsand constraints. An iterative, interactive exploration
methodolgy to obtainspecificationsfrom requirements wastested



Table 3: Experimental results
Model Samples FX Mem. sel2fxstalls Appl. time Ar ch. time Total time
THEA 128*1024 none 25.95% 16.93sec 7.30sec 24.23sec
THEA 128*1024 1024 0.00% 16.90sec 7.32sec 24.22sec
THEA 12.800*1024 no 33.03% 1690.33sec 728.38sec 2418.71sec
THEA 12.800*1024 1024 0.00% 1548.15sec 739.74sec 2287.89sec

and validatedfor a down-scaled version, called THEA, of a gi-
ant distributedradio telescope,calledSKA. The methodology ex-
ploresalternative decompositionsof behaviors at variouslevelsof
abstraction,andcorresponding alternative decompositionsof orga-
nizations,wherebehavior is specifiedas a network of processes
andthe organizationis specifiedasinterconnectedlibrary blocks.
The resultingspecificationis scalable,up to the sizeof the con-
ceived giant telescope.Theresultingspecificationcanbe taken to
a subsequent designandimplementationphase. Thisphasehasnot
beentestedfor the THEA system. Instead,the specificationhas
beenimplementedas such(using implementationsof the library
blocks). This providesa hands-onprototypefor conducting user
experiments. Becausethis prototypeis a direct implementationof
thespecification,it canbeusedto convince theusersthat it meets
therequirements,andthatthespecificationof theupscaledsystem
will do aswell without having to implementit this way. Although
the casestudy hasbeenconducted strictly according to the pro-
posedmethodology, it waspartially achieved by handsothatonly
a restrictednumber of alternativeshave beenexplored.Wearecur-
rentlyconstructingaframework in whichthevarioustoolsareinte-
gratedin sucha way thatmany morealternativescanbeexplored,
andanswersto what if questionscanbe obtainedin a reasonable
time span.

The requirements-to-specifiactionphaseis to be succeededby a
specification-to-design andimplementationphase.Thesystemde-
sign and implementationwill proceed in a way that is very simi-
lar to the requirements-to-specification methodology andwill def-
initely be guidedby that process.However, the ultimatesystem
implementationwill most likely usedifferent implementationsof
thevariousblocksthatwereusedin thespecificationprocess.The
reasonfor thatmaybethatthedesignandimplementationprocess
is performedlaterin timeandthattechnology advancesoffer imple-
mentationoptionsthatwerenot availableat thetime thespecifica-
tion processwasexecuted.Theblocksusedin the latterprocesses
arealsochosenwith aneye on evolving technology.
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