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ABSTRACT

A giantdistributed radio telescopés an unusualkind of massve
parallelcomputingsystem.The designof sucha systemis a mul-
tidisciplinary effort thatis hardto accomplishwithin a reasonale
periodof time,andwith ahigh level of confidercethattheresulting
systemwill ultimatelybewhatit hasto be,now andin thecourseof
its entirelife span.Issuedike deriving specificationdrom some-
timesincompleteand conflicting requirementsexploring alterna-
tivesin behaiors andorganizationsandansweringwhatif ques-
tionsin aninteractive way are not easilymasteredvithout having
amethodolog anda framework in which all thesecrucialaspects
of a designtrajectorycanbe integrated. Thereis still alarge gap
betweenwhatthatmethoddogy andthis framevork shouldbe and
whatthecurrentapproacksare.In anattempto shedmorelight on
thatgap,afew telescopeoncepts,like the Low Frequeng Phased
Array (LOFAR), andthe SquareKilometerArray (SKA) telescopes
that have beenproposedto be built in the coming decaes have
beenanalyzed anddown-scaledversionsof thesetelescopefiave
beentaken through an iterative exploratay specificationprocess
with the objectie of identifying whatthe method in the method-
ology andthe tools in the framevork shouldbe for the designof
the gianttelescopeo be successful. The paperreportson one of
thesecasestudieswhich is the ThousandElementArray (THEA),
adown-scded versionof the SKA radiotelescope.

Keywords

embedled systemadesign,designspaceexploration, systemlevel
modelingandsimulation

1. INTRODUCTION

Designingalargescalesystenmsuchasamassvely parallelcomput-
ing systemjn particulara distributedreal-timesystemcanbedone
in severalways. Oneapproachs to designa small versionproto-
type and, when successfulscalingthat prototypeup in a number
of consecutie steps.This apprachdoesnot alwayswork becase
thesmallemprototypemaynotbescalable Anotherwayis to design

the large scalesystemitself, reusingas much aspossiblepartsor
comporentsthathave beendesignecandworked with before.This
approat doesalsonot alwayswork, becauséf thereis not much
to bereusedthenthe designproblemis too complex andmary de-
cisionsaretakenwithoutknowing well whatthe consequeceswill
belateron. To overcomethis problemanew appro@his adwcated
in this paper: dividing the designprobleminto two major steps.
Thefirst stepis aniterative explorationstepin which requirements
and constraintsare translatedto specifications. The secondstep
translatespecificationsnto implementations This paperfocuses
on thefirst step. The requirementsandconstraintsareprovided by
the end-usersThey expressthe users expectations.For example,
the usermay requirethatthe system(distributedradiotelescopen
our case)mustbe callibrateble,have a particularsensitvity, and
be capalte of operatingin a numbe of modes. Numberand dis-
tribution of antennasnecessarprocessig of signalsandtrade-of
betweendistributed and centralprocessingare all issuesthat fol-
low from the requirementsind constraintsandthatare part of the
specification.

Thespecificatioris expressedn termsof high-level (abstractinod-
els. Therearethreemodelsinvolved. Thefirst oneis a behaiorly
modelthatconsistof anumbe of partialbehaiors andtheinterre-
lationsbetweerthem. It is a possibledecompaition of the system
behaior thatis obtainedthroughan iterative, interactve and ex-
ploratory processhat is basedon metrics,suchasthe sensitvity
of the requirementsvith respecto changs in the decompaition.
Thesecondnodeldealswith the organizatiorof the systemandfo-
cusen costandperformanceThis modelconsistof anumter of
comporentsandtheirinterconnectios. Thethird modelrelateshe
othertwo modelsanddealswith possiblemapping of thebehavior
into the organization. Part of the constraintsor bounday condi-
tionsmaybethatcertainentitiesin themodelshoud betakenfrom
a library. Theseentitiesmustbe so specifiedand describedthat
they canbeblindly incorpordedin the modelswith a high level of
confidene. The threemodelstogetherconstitutethe systemspec-
ification (or model). Includedis the requirements-to-spdfication
phaseis a top-downand bottom-upflow of informationwhich re-
sultsfrom two processeshat take placeat a numberof levels of
abstraction Thefirst procesds anexplorationprocessthe second
oneis arefinemenprocessTheseareexecutedon critical subsys-
tems,or partsof these.The explorationprocessxploresdifferent
alternatveson agivenlevel of abstractionTherefinemenprocess
takesa selectedhlternatve oneabstractiorlevel down for a closer
analysis.



We arecurrently putting explorationandrefinementools together
in aframawvork in which therequiremets-to-specificationprocess
can be performedand questiors suchas: What if we modify this
requremen®? The constructionof the framevork is succeethg a
casestudyin which the processhasbeenprototypedandvalidated.
The casehasbeena down-scaledversionof the SKA radio tele-
scope,calledthe THousandElementsArray (THEA). For THEA,
the systemspecification(the three modelsmentionedabove) has
beenderived and simulated. The organizationof the systemwas
built onlibrary blocksthatthemselesaredefinedin termsof com-
ponents. At thelowestlevel of abstractionbehaior is mappednto
compaents. At the level of abstractiomabove this one,composi-
tions of behaiors aremappedon candidatdibrary blocksthatcan
suppat the correspmding compaentcompositions.Higher levels
of abstractiorare the sub-subsgtemsor subsystem®sf THEA as
they have beenidentifiedduring the decompaition phase starting
atthe highestlevel wherethe requirementandconstraintsarede-
fined. Theorganizatioratthehigherlevelsof abstractions in terms
of compositionf blocks Theblockscomein familiesandareso
chosenthatthe systemis scalable thatis, the SKA telescopecan
be specifiedin termsof theseblocksaswell. The comporentsand
blocksarenotnecessarilgheonesthathaveto beusedin thesubse-
quert specification-to-implementatioprocess.However, they are
sochoserthatthederivedspecificatiorcanindeedbeimplemented
to geta prototypeif sodesired. This prototypehas,in fact, been
built - after the requirements-to-specificatigorocesswas termi-
nated- to demorstratethat the final specificationof the systemis
sufficiently accuratethatit can satisfy the requirementsaind con-
straintsgivenby theend-users.

Therestof the paperis organizedasfollows. Section2 is devoted
to the THEA systenrequiremets andconstraints Section3 deals
with the high-level systemmodel andits exploration. Section4
conclulesthe paper

2. THE THOUSAND ELEMENTS ARRAY

Theprinciplesof phasedarrayantenna weretestedon the OSMA
[2] systemat Astron for 64 antennaelements.This study guided
the THEA systemspecificatiorandsimulation.Beinga smallsize
telescopeprototype, THEA hadto be specifiedin a scalableway.
Whatever the requirementsaind constraintshat the end-usemay
provide, every radio telescopaecevesthreetypesof signals,two
of which have to be removed aryway. The first signaltype is the
signalof interestfrom the sky. The secondsignaltypeis the ubig-
uitous noisesignalthat may have a power level thatis ashigh as
70 dB above the signal of interest. The third signal type is the
strongman-madeadiofrequeng interferencesignalthatmayhave
a power level ashigh as70 dB above the noiselevel. Interference
signalscanbemitigatedby meansof so-calledadaptve beamform-
ers,noisesignalscanbe suppresedby meansof correlationtech-
nigues. Thus, a first rough model of THEA will be asshawvn in
figurel.

2.1 Requirementsand constrains

The mainrequirementgor a telescopespecificationarethe obser
vation modesand their frequerty range,the sensitvity of thein-
strumentthe calibrationandon-line processingequirementsand
thedatareductionrequiremets. Top-level specificatiorparameters
arederived from theserequirements.For examge, the sensitvity
of the instrumentscaleswith the squareroot of the signal band-
width B andthe numberof antennan,,. Requiredsignalprocess-
ing speedand and I/O ratesare also linearly depenént on these
factors.Numberof RFI sourcesn theervironment, RFI mitigation
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Figure 1: A non-constrained THEA model: the signals col-
lected from the antennasare processedy an adaptive beam-
former that detectsand removes a spatial distrib ution of the
RFI signals. A subsequentcorrelation extracts the astronomi-
cal signal from the surrounding noise

techniqus, and systemnoisehave all critical impacton the tele-
scopeperformarte. Typical top-level parametersare asshowvn in
tablel below.

A coarseandsimplecompuationalmodel,basedonly on a certain
measuref compuationalcompleity (suchasthe numberof mul-
tiplications), can be derived from the top-level parametersinter
connestion compleity andothermappng parametersreexcluded
from this evaluation.As anexample,table2 containsthe top-level
computingratesof the beamformerfor two of the possibletech-
niques: hierarchicalbeamformingand Fourier beamformingat a
certainlevel k in the hierarchy Thesetechniquesredescribedor
THEA in [3]. Theconstraintof aparticularsignalprocessigtech-
niquefor datadistribution will influencethe detaileddesignof the
processingiodes.

2.2 THEA dataand control flow requirements
From the coarsecomputing requiremets of the beamforme we
canestimatealsothe compleity of the controlflow andderive in-
terconnetion ratesandreal-timerequirements.

Processing node

Data rates Processing
20 GBit/s Data flow processing 20 GFlops
20 MBit/s R.T. control 2 GFlops
2 MBit/s Non-time—critical control 0. GFlops

Figure 2: Beamformer data and control flow requirements

In figure 2 the processingequirementsindmoduleexchangerates
arespecifiedfor adataflow processindayer, areal-timelayerand
a non-time-criticalcontrol layer Dataflow and control flow are
strictly separated.

Thessignalprocessindayer performsmassvely parallelspatialfil-

tering compuing thatwill mostlikely have to be mappednto or-
ganizationablock containingcomporentsin whichdistributedsys-
tollic like networks canbe configuredfor efficient execution. Cost



Table 1: Top-level parametersfor the THEA DSP back-endspecification

| station | Ns

Na [ 1o [ mp [ne | B [ | moB | msc [ ti [ nRPI | tu |

| THEA | 1 |

16 [40 [ 1 [ 2 |n.16 12| 12 | 1024] 1| 4/20 | 10|

ng -Numberof station
79 -Inputbeamsamplingrate(MHz)
np -Numberof polarizatio
myp  -Inputsamplewordlength
Mse
n R F 1 -Maxnumberof RFI (MHz)

-Numberof spectrachannels t;

i

n g -Numberof antenngor pre-formedbeams)pestation
n e -Numberof independenbandor RFbeams

n g -numberof digital beamsformed

n p, g -Outputbeamsampleword length

-Integrationtime (ms)

tq -Updaterate(ms)

Table 2: Coarsecomputing rates for the DBF

Function

Formula

Computingrate
(GigaComplex MACIs)

HierarchicalBF

ba(k — 1)nenp(k)ne (k)ro(k)

10.24

FourierBF

be(k — 1)nc(12logang (k))ro(k)

15.36

and performancenumberscan be obtainedby mapping parts of
suchnetworks into FPGAsand extrapolatingtheselow level cost
andperformancewnumbersto obtainthe numbersat the higherlev-
els.

The real time control layer performsthe necessancompuations
to updae the spatialfilter parameterst a rate thatis lower than
the processingate in the signal processindayer. From the top-
level parameterslerived from the requirementsit follows thatthis
processig could be mappel into a block containingcomponeats
for extensivze memoryaccessandISA like compuation. Updating
thefilter weightsandfiltering run with tied real-timeconstraints.

The nontime-critical control consistsof a low informationrateto
thefrontendof thetelescopandthesystemschedler. Conneting
this processingsontrol to a clusterof PCsis a compactan costef-
ficient solutionfor power supply network connetion, storageand
acquisition.

3. SYSTEM MODEL EXPLORATION

Given the requirementsand constrainsfor the THEA system,the

top-level parametersandthe roughnon-corstrainedTHEA model
of figure 1 , we propcse an exploration stratgy thatis basedon

the decompaition and refinementdownwards from this level of

abstractionthe analysisof alternatvesat variouslevels of abstrac-
tion - atleastfor the critical partsencownteredattheseevels,anda

subsegentcompodtion of behaiors andorganizationsn the op-

positedirectionof the levels of abstractionsincluding validations.
The endresultis anaccuratespecificatiorof the systemijncluding

costandperformancenumbers.This specificatioris to betakenas
aninput for a subsequet designand implementatiorphase. The
whole processs schematicallyspecifiedin figure 3.

A few specificstepsin the processmay illustrate the concept and
methoddogy. Beforegiving them,we first presenthe endresult,
which is the systemspecificationrmodel. For THEA this modelis
shavn in figure4.

In thisfigure,theupperpartis themodelthatspecifiegthebehaior.

It is anuntimednetwork consistingof processethatareintercon-
nectedthroughunbaundedFIFO channelswvith blocking readsyn-
chronizdion (a so-calledKahn ProcesdNetwork [5]). The beam-
formerin themodelof figure 1 hasalreadybeenrefinedinto aDBF

procesgspecialfiltering) andan AWE procesgweight updating).
A selectprocessasbeenidentifiedbecawseof therequirementhat
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Figure 3: The proposedexploration strategy

multiple beamshave to be provided simultaneouslysomeof which

have to be selecteddepenéhg on the selectednodeof operation.
Thelower partin thefigureis themodelthatspecifiegsheorganiza-
tion of thesystem It consistof blocksthataretakenfrom alibrary

of pre-specifiedblocks. The Matrix shufling block is a composi-
tion of FPGA-Ike componets. The Contol processingunit is an

ISA-like compmentthat, togetherwith the accom@arying Mem-
ory compaent, constitutesanotherblock from the library. The

dottedlines connectingthe the two modelsrepresehthe mapping
model. This sort of modelingis known asthe Y-chart modeling
methoddogy [6]. Thisapproab allows usto keepthe behaior (or

application)andthe organization(or architectureseparatedior a

plusof flexibility . By analyzingsimulations pnecanmodify either
theapplication,or thearchitectureor the mappingandreiteratethe

process.
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Figure4: The THEA specificationmodel

The systemspecificationrmodelshavn in figure 4 hasbeensimu-



latedin the Sesamé&amavork createdatthe University of Amster
dam[8]. Somesimulationresultsaredisplayedin table3.

This table shavs that the real-time constrainscould not me met
in two similations(intersectionof columnfour androws one and
three). This wasdo to the fact that the fast processingblock that
wasselectedrom thelibrary did not containenoudh memory No-
tice the shortsimulationtimesfor the THEA system.

We arenow readyto illustratetwo typical stepsin the exploration
cycle. Onestepconcernsbehaior exploration (also called appli-
cation exploration), the other one dealswith organzizationexplo-
ration (alsocalledarchitecturexploration).

3.1 Application exploration

Recallingthatonly critical partsareexploredandpossiblyrefined,
we focuson theadapive beamformemvhichis, indeed,a very crit-

ical part. No block in the library can executethe adagive beam-
forming processn realtime. Thereforethe adaptve beamforming
applicationis split in two processethatcanrun concurrently:the
DBF (spacsfiltering) processandthe AWE (adaptve weight esti-

mation) process.The specificationof the two processess shavn

in figure5.

—| Beamformer T T T T T T i
. lout = DBR(in[NANT]) !
B ‘out =0 I

‘Ifor i=1:1: NANT
s out +=in[i] * Wi] !

I W NANT] = AVE(i n_sanpl e[ SAMPLE] [ NANT] ) w
.1 C=in_sanple * conpl ex_conj (i n_sanpl e) I
;1 [eigvect, eigval] = eigen_val _deconp(C)

-1 w = conpute_w(eigvect, eigval, O

Figure5: The THEA beamformer

The DBF processis a setof comple valuedinner productsthat
arerequiredto run concurrentlyat a very high repetitionrate. The
AWE procesghathasto updatetheweightvectorsin the DBF pro-
cessatarelatively low rateis aneigervaluedecompaition of a co-
variancematrix built on the multiple antenm samplesBoth speci-
ficationscanberefinedin variousways. To explorethealternatves,
we useatoolsetcalledCompaari9] thatallows usto transformau-
tomatically a given nestedloop algorithm written in Matlab into
a Kahn processetwork [5] specification. This toolsetusesa few
aggressie technique, suchasarraydata-flav analysis dataparti-
tioningandlinearizationjn orderto exposetheinherentparallelism
of theanalyzedalgorithms[1]. If theresultsof thetransformations
appliedto the original algorithmare not asgood as expected the
Compaartoolsetoffersthe possibility to derive a setof alternatve
processnetworks. This canbe achieszed by applying algorithmic
transformatiortechniques,suchasskewing andunfolding [10], to
the original applicationto exposevariousdegreesof concurreng
availablein the givenalgorithm.

Moreover, the procesmetworks derived by Compaarcanbe con-
vertedinto synthe&zable VHDL andimplementednto an FPGA
[4] to extractrealisticcostand performancenumbersor the given

Kahnnetwork. Thesenumberscanthenbeimportedin the higher

level modé for simulationpurposest higherlevels of abstraction.
Tools that we useto simulateand explore at higherlevels of ab-

stractionareSpadg7] andSesamég8g].

3.2 Architectur e exploration

The telescopeapplicationis distributedin spacewith remotean-
tennasdelivering a sustaineddataflow. For optimum useof the
high speedink bandvidth, costand powver consumpion, point to
point (optical fiber) connectionsare the optimum choice. Such
connestions guarattee sustainednput ratesand low transmission
errors. The optical fibersarealsousedto distribute a centralsam-
pling clockandsynchraizationinformationto theantennasThese
choicesoriginatefrom the userdefinedrequirementsand are part
of the pre-definechoundary conditionsfor the organizationexplo-
ration. They alsotake scalability requirementsnto accoun. In-
deed,the sameprinciplescanalso be usedfor the distribution of
the dataflow over clustersof procesgg nodes (THEA clones).
The processeschedulingis then derived from the synchroriza-
tion signalsandthe centralclock. The processig and communi-
cationblocksin thelibrary arespecifiedn suchaway thatthe high
troughputs can be sustainedwith moderateto complex datapro-
cessingthatinterconnetionscanbemadein acorrect-by-construton
way, andthatupscalingof the systemdoesnotrequireblocksother
thanthosein the library. The mappingof behaior to organiza-
tion is a mappingof processeso blocks. Notice thatalthoughthe
applicationexplorationis possiblygoingdawn to amappingin FP-
GA:s for calibrationpurpacses,the final mappinghasto make use
of thelibrary blockswhich arenot necessaril}composedof inter-
connetedFPGAs.However, thesecalibrationnumbersareusefull
to supportand guide the organizationor architectureexploration
which in is essentiallya block selectionprocess.The blocks that
were specifiedand describedfor the THEA casestudy are repro-
grammable/cofigurableandscalable. They allow for a greatvari-
ety andscalableorganization.An exampleof (partof) alargescale
systembuilt onthe THEA blocksis shavn in figure 6.
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Figure 6: Network with processingnode interconnectionsat a
largeantennastation scale.

Thisfigureillustratesthe deploymentof processinghodesattached
to a computerfrom a cluster The high speedink connetionsvia

opticalfiberson dedicatedprocessinghodesallows a large variety

of configuratiors, with inter block conrectionsarbitratedby anob-

jectrequestbroker. Clustersof nodescanvirtually be expandeal.

Thegenericdesignof the THEA blockswith re-programmale and
scalableconfigurationsallows large architecturedeployments.

4. CONCLUSIONS

We have presented casestudyin deriing specificationdrom re-
quirementsand constraints. An iterative, interactve exploration
methoddgy to obtainspecificationdrom requiremets wastested



Table 3: Experimental results

[ Model | Samples | FX Mem. | sel2fxstalls | Appl. time | Arch. 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 12.8M*1024 no 33.03% 1690.33sec 72838sec 2418.71sec
THEA 12.80*1024 1024 0.00% 1548.15sec 739.74sec 2287.89sec

and validatedfor a down-scded version, called THEA, of a gi-
antdistributedradio telescopecalled SKA. The methodoloy ex-
ploresalternatve decompsitionsof behaviors at variouslevels of
abstractionandcorresponihg alternatve decompaitionsof orga-
nizations,wherebehaior is specifiedas a network of processes
andthe organizationis specifiedasinterconnetedlibrary blocks.
The resulting specificationis scalable,up to the size of the con-
ceived gianttelescope The resultingspecificationcanbe taken to
asubsequet designandimplementatiorphase This phasehasnot
beentestedfor the THEA system. Instead,the specificationhas
beenimplementedas such (using implementationsof the library
blocks). This provides a hands-onprototypefor condicting user
experimeris. Becausehis prototypeis a directimplementatiorof
the specificationjt canbe usedto corvince the usersthatit meets
the requirementsandthatthe specificatiorof the upscaledsystem
will do aswell without having to implementit thisway. Although
the casestudy hasbeencondtcted strictly accordirg to the pro-
posedmethodolog, it waspartially achieved by handsothatonly
arestrictechumbe of alternatveshave beenexplored. We arecur-
rently constructingaframework in which thevarioustoolsareinte-
gratedin suchaway thatmary morealternatvescanbe explored,
andanswergo whatif questionscanbe obtainedin a reasonble
time span.

The requirements-to-gxifiaction phaseis to be succeededy a
specification-to-dagn andimplementatiorphase.The systemde-
sign and implementatiorwill proceel in a way thatis very simi-
lar to the requirements-to-spédication methodolgy andwill def-
initely be guidedby that process. However, the ultimate system
implementationwill mostlikely usedifferentimplementationsof
the variousblocksthatwereusedin the specificatiorprocessThe
reasorfor thatmay be thatthe designandimplementatiorprocess
is performedaterin time andthattechnoloy advancesofferimple-
mentationoptionsthatwerenot availableat the time the specifica-
tion processvasexecuted.The blocksusedin the latter processes
arealsochoserwith aneye on evolving technology
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