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Abstract—As Field Programmablé&ateArray (FPGA) den-
sity increasesso doesthe potentialfor reconfigurablecom-
puting machines.Unfortunately applicationswhich take ad-
vantageof the higherdensitiesrequiresignificanteffort and
involve prohibitively long designcycles when corventional
methodsare used. To combatthis problem, we proposea
designenvironmentto managethis additional complexity.

Ourenvironmentgivestheend-useamechanisnfor describ-
ing andmanagingalgorithmsat a higherlevel of abstraction
than other extant methodssuch as writing VHDL or using
schematicapture.This paperdescribesanexperimentalver

sionof theenvironment.

The core of our designtool is a generalAlgorithm Descrip-
tion Format (ADF) which representsn algorithmas an at-
tributed graph,anda library of componentswhich are tai-
loredto a particularFPGAdevice. In this paperwe present
setof toolswhich operateon the ADF representatioto pro-
vide a numberof functionsto aid in the creationof applica-
tions for configurablecomputingplatforms. Thesetools in-
cludefront-endtoolsfor specifyinga design,asuiteof analy-
sistoolsto aidtheuserin refiningandconstraininghedesign,
andasetof back-endoolswhich selecttcomponentérom the
library basedon the designconstraintsand placeandroute
thesecomponenton the configurablecomputingplatform.
In this paper particularemphasiss placedon thecomponent
modelandthe analysistools.
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1. INTRODUCTION

ConfigurableComputingMachines(CCMs) basedon FPGA
technologyshav tremendougotentialfor improving the per

formanceof aerospacepplications.Unfortunately thetools
to developapplicationdor CCMsarenotmaturingasquickly

asthetechnology This problemmanifeststself in two areas:
initial applicationdevelopmenis complex andtime consum-
ing, and migrationfrom one generationto the next requires
significantredesigneffort. Theseproblemsleave mary un-

willing to migratetheir applicationsfrom a softwareimple-

mentationto hardware. We have proposedan ervironment
called the ReconfigurableComputingApplication Develop-
ment Environment(RCADE) for the developmentof CCM

applicationswhich will offer higher performancehan soft-

ware solutions, will allow non-epertsin FPGA designto

develop applications,will simplify the designand mainte-
nanceprocessfor thosewho are experts,and will easethe
processof migration from one CCM platform to the next.

Thispaperfocusesonthecomponenmodelusedby theback-
endof RCADE to generatalesigns.In particular we showv

how our component-basedpproacHeadsto a simplercon-
trol model,fasteranddensedesignsshortenedifecycle,and
integratesalgorithm designand implementationbetterthan
cornventionalapproaches.

Oneof the centralthemesof RCADE is thatthe userselects
operationgrom a library without initially specifyinganim-



plementationOncethe designis completelyspecified these
abstractoperationsare thenboundto components.Compo-
nentsin our environmentare efficiently implementedlocks
of logic (suchasaddersmultipliers, etc.) thatconformto a
well-definedinterface. This component-baseapproacipro-

vides a numberof advantages.The componeninterfaceis

designedn sucha way that componentsaninterfacewith

eachotherwithouttheneedfor ary controllingstatemachine.
This lack of centralcontrolreduceghe complexity of timing

issuesand easeglelugging. The interlock mechanisnused
by the componentdo achieve this is describedin detail in

sections3.1. Separatinghe selectionof the operationfrom

the selectionof the componentalsosenesto easethe prob-
lem of migrationfrom one FPGA device or CCM platform
to the next. The samedesign,specifiedby the userasa set
of abstractoperationscanbe re-usedby simply runningthe
componentselectionphaseagainwith a library of compo-
nentstargetedatthenew device. Oncethe componentibrary

is portedto anew platform,any RCADE designcanbeported
quickly andeasily

A final advantageof separatingthe selectionof operations
from the selectionof componentss tighterintegrationof the
algorithm designand implementation. RCADE provides a
numberof tools that help guide the userin refining their
designtowards a more efficient implementation. Some of
thesetools run beforecomponenselectionto help guidethe
choiceof bettercomponentsandsomerun afterwardsto sug-
gestchangedo the design. Examplesof this kind of tool
include the PrecisionAnalysis tool, which attemptsto find
placesin the designwhereit may be mademore compact
by using componentghat usea differentdataformat or re-
ducedprecision,or the ThroughputAnalysistool that ana-
lyzes where spacesavings can be achievzed without perfor

mancepenaltyby choosingsmaller slowerimplementations.

Theseandothertoolsaredescribedn detailin sectiond4..

The RCADE approachto designalso shortenghe path be-
tween algorithm designand designof the implementation.
Using corventionalhardware designtechniquesthe design
of the algorithmandthe implementatiorarecompletelysep-
aratetasks,and the details of the implementationcan take
months.In RCADE, the usercaninteractwith boththealgo-
rithm designandtheimplementationgvolving eachpartand
usingoneto guidethe other Thesituationis somevhatanal-
ogousto programmingassemblylanguageon an old batch
processingcomputervs. using a high-level languagecom-
piler on aninteractive system. In the former case,oncethe
algorithmis designedthe userspenta long period of time
constructinga programusing instructionsat a much lower
level of abstractiorthanthe algorithmspecification.Further
the penaltyfor testingthe implementatioris high, so efforts
would be madeto completethe whole designcorrectly the
first time. In the latter case the programmemvorks at a sig-
nificantly higherlevel of abstraction.Operationsn the pro-
gramcorrespondnore closelyto the operationsspecifiedin
the algorithm. In addition, it is relatively simpleto compile

a programandobsene its behaior, thengo backand make
changego the source RCADE attemptgo bring theinterac-
tive modelwith a higherlevel of abstractiorto the hardware
designworld.

In section2, abrief overview will beprovidedof the RCADE
systemjncludingadescriptionof theinfrastructurdt is built
uponandsomeof the front-endtools for designentry. Sec-
tion 3 examinesin detail the componenimodel, particularly
theinterconnectiomechanisnbetweercomponentsandthe
methodsof implementingcomponents. Section4 presents
someof the analysistools usedin RCADE, and shawvs how
they canbe usedto improve somesampledesigns.Section5
presentsomeresultsof usingRCADE to do designs,com-
paring speedand circuit density of designsusing RCADE
componentdo thosesamedesignsspecifiedin VHDL. Sec-
tion 6 comparefRRCADE to othertoolswhich seekto simplify
the designof reconfigurableapplications. Section7 closes
with conclusionsandfuturework.

2. SYSTEM OVERVIEW

This sectiondescribeghe systemRCADE was constructed
from, and providesa shortdescriptionof the tools available
in thefront-endof RCADE.

2.1 CECAAD

RCADE is built uponthe ClemsonEnvironmentfor Com-

puter Aided Application Design (CECAAD) infrastructure
for creatingProblemSolving Ervironments[1]. CECAAD

providesa common,sharedformat for representinglesigns,
known asthe AlgorithmDescriptionFormat(ADF). Thefun-

damentalunit of the ADF is the DesignUnit (DU), which

representasinglegraph.Theverticesin thegrapharecalled
nodes,andeachnodecontainsa numberof input and output
ports. The edgesin the graphare known aslinks and con-

nectthe ports. Eachnodeand port in the systemaswell as
the DU itself containsa list of attributes. Supportfor hier

archyis providedin ADF by placingan attribute on a node
which referencesanotherDU. A numberof differenttools,
known asagentshave concurrenticcesso thedesign.Agents
aredistinctentitiesthatutilize a well-definedinterfaceto the
shareddesign. CECAAD provides supportto easethe cre-
ation of new agentsjncluding a modelfor collaborationbe-
tweenagentsanda mechanisnfor reusinginterfacesof ex-

isting agents. CECAAD also providesa numberof generic
agentsusefulin mary ervironments. The tools provided by

CECAAD which areusedin RCADE aredescribedelow.

The ADFmanaer is responsibldor loadingandsaring DUs
through an interfaceto a relational database. This allows
the managerto searchthe DUs basedon the value of ary
attribute, or any logical combinationof attributes. For in-
stance,an agentcan passa requestto the ADFmanagerto
locateary DU that performsa single-precisiomrmultiply, is
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Figurel: Thebasicstructureof RCADE

implementedbn a Xilinx, anddoesnot usea CORDICalgo-
rithm. The ADFmanageis alsoresponsibldor coordinating
the actionsof the agentson the DU. Whenanagentrequests
thatanew DU beloaded the ADFmanageinformseachrun-
ning agentthata new DU is to be loaded,andchecksif ary
agentneeddo saretheopenDU. Thegrapheditor providesa
directgraphicalmeansfor manipulatingan ADF graph.The
text translatortranslateADF Designsinto andout of atext-
basedanguagdor describingattributedgraph.

2.2 Front-EndTools

The basicstructureof RCADE is showvn in Figure1l. The
basicdesignflow is asfollows: the userspecifieghe design
initially asa graphcomposedf abstracbperationsselected
from the abstractoperationlibrary. The designcanbe spec-
ified eithergraphicallythroughthe grapheditor, or textually
with a text translationagent. Oncethe designis specified,
theanalysistoolsdiscussedn section4. aid the userin refin-
ing and constrainingthe design. Oncethe constraintsarein
place thecomponenselectobindstheabstracbperationgo
implementationfrom thecomponentibrary for theappropri-
atetarget CCM platform. Additional RCADE toolsthenaid
the userin placingthe selecteccomponentsand partitioning
thembetweerdevices.Finally thecodegeneratosynthesizes
anapplicationfrom the components.

3. COMPONENTS

Eachnodewhichis specifiedasanoperatiormusteventually
be boundto animplementation Additionally, it is necessary
to establiskamechanisnfior passinglatabetweerthesecom-
ponents.This sectiondiscusse®ur componeninterconnec-
tion modelandthe componentmplementationshatwe use.

3.1 Componentnterconnection

The traditionalcomponeninterconnectiormodelusesbasic
componentsvhich rely on externalcontrol logic “knowing”
whendatawill be producedat eachstage.This modelintro-
ducesanumberof complications For example,eachtime the
propertiesof a singlecomponenarechangedit is necessary
to redesignthe controllogic. Furthermorethe useof itera-
tive componentss complicatecby the needto provide start
signals. Finally, it is difficult to stall this type of pipelineto
accomodatéoursty, bufferedlO, especiallystalls at the out-
put.

Our designprocesgakes a slightly differentapproach. We
embedcontrolwithin eachcomponentandrequirethateach
componentcorrespondo a specificinterconnectiormodel.
We choseto useFIFOs at eachlink; thus, componentsare
connectedhrough FIFOs, making the control of a compo-
nentindependenof thecomponent$o whichit is connected.
Eachcomponentonly producesan elementwhen the desti-
nationFIFO is not full andonly consume&n elementwhen
thesources notempty In the mosteconomicalmplementa-



tion, theseFIFOshave a depthof one,requiringonly asingle
registeranda singlefull/empty bit to implement.

Therearemary advantagedo this type of approach.For ex-
ample, with a standardizednterconnectiormodel and dis-
tributed control, we can interchangedifferentimplementa-
tions of an operationwithout being concernedaboutthe ef-
fectson control. Inherentto this modelis the ability to use
multi-cycle or variablecycle partswithout needingto create
specialexternalstatemachinesThis alsoallows usto always
maintaina full pipeline sincethe componentswill naturally
stallwhenthereis no spaceavailablefor an output. Another
importantadvantageis the ability to vary the depthof the
interconnecting=IFOs to balancepipelinesas discussedn
Sect.4.3.

3.2 Componentmplementations

Componentsare initially implementedin RTL behaioral

VHDL code. This allows for logical dehugging and opti-

mization, andis obviously the mostportableand mosteas-
ily parameterize@mplementatiorof the componentsUnfor-

tunately usingthesecomponentsaind passingthemthrough
the traditional synthesisand place and route path requires
a significantamountof time and yields unpredictablere-

sults; therefore, RCADE componentdypically containrel-

ative placements.This producesa numberof positive side
effects. Obviously, the placeandrouteof a designis a much
fasterprocessf pre-placeccomponentareused,makingan
interactve designcycle morefeasible. The useof properly
placedcomponentgypically resultsin denserdesignsthan
allowing automatigplacemenbf the samelogic. Designsus-
ing thesecomponentarealsotypically fasterthansimilarde-
signsthatdon't usepreplacementsincethe componentse-

tain structuringinformationthatis oftenlostin thetraditional
path.

4. ANALYSISTooOLS

Analysistools are provided to assista userin improving a

designspecification. Thesetools rangefrom the highly in-

teractve PrecisionAnalysis Tool that operateson designs
very early in the specificationcycle to the almosttranspar
entPipelineBalancingTool which operatesn a designafter
the componenselectionphase. Thesetools areintendedto

bevery focusedandcapturesomeelementof a hardwarede-
signersexpertisesothatit maybeusedby others.

4.1 PrecisionAnalysisTool

The FPGA devices usedin reconfigurablecomputingplat-
formsarematuring,but the useof standardloating-pointfor-
matsis still very costlyin generalapplicationg2]. Insteadjt
is oftennecessarjor usergto designtheir applicationsusing
a lessfamiliar fixed-pointimplementation. To compensate

for this, we have developedthe precisionanalysisool to help
usersspecify the appropriateprecisionfor their algorithm.
This information can also be usedto reducethe numberof
resourcesequiredfor someoperations.

Theprecisionanalysigool allows auserto specifyary a pri-
ori knowledgeaboutthe requiredprecisionor adequatere-
cisionin thealgorithmthey areimplementing.This informa-
tion canbeenteredaseitheraformator adatarange.Formats
arespecifiedasthestartingandendingbit positionsof anum-
ber. For example,anumbemayusethebits from four places
to theleft of thedecimalto four placegto theright of thedec-
imal. Precisioncanalsobe specifiedin termsof dataranges.
Datarangesconsistof a minimumvalue,a maximumvalue,
andagranularity

Whethermprecisionis specifiedasaformator arange thepre-
cisioninformationcanbe propagatedhroughthegraph.The
precisionanalysistool initializes by checkingfor precision
informationat the inputsandoutputs. If no precisioninfor-
mationhasbeenprovided,it promptsthe userfor enoughin-
formationto allow continuedprocessing. The precisionis
thenpropagatedorwardto all portsin the graph. The preci-
sion analysistool thenattemptsto propagatearny constraints
placedon the outputsbackto the inputs. Unfortunately au-
tomatic backwards precisioncalculationis an incompletely
specifiedproblemfor mary arithmeticoperations.For these
scenariosthetool containsaninteractive modefor theuserto
assistin the procesof backwardspropagationThetool also
allows theuserto manuallyalterthe precisionat arny pointin
the graph. The effectsof this alterationarethenpropagated
throughtheremainderof the graph.

Operationswhich the precisionanalysistool currently sup-
port include addition, multiplication, division, sine, cosine,
naturallog, and squareroot. Algorithms for computingthe

precisionfor additional operationscan be addedeasily by

addinga classwhena new operationis addedto the system.
Theprecisionanalysisool alsosupportshierarchicadesigns
by computingthe precisionof subgraphsn the design,then
attachingthe precisionof the externalinputs and outputsof

that subgraphto attributesof the correspondingnodein the

parentgraph.

4.2 ThroughputAnalysisTool

On mostreconfigurableeomputingplatforms,thereis a lim-

ited amountof communicationdandwidthbetweerthe host
systemmemoryand the reconfigurablecomputer Even as-
suming unlimited bandwidth, there are componentsvhich
consumeanoreitemsthanthey produceor which have afixed
rateof consumptiorandproduction.Thegoalof thethrough-
putanalysigtool is to take advantageof thesescenariogo se-
lectslower, smallerimplementation®f eachoperation.Con-
siderthesimpleexamplesn Figure2. In Fig. 2 (a), we seean
applicatiorwhichusedour 32 bit inputsthatmustpassovera
singleinput. Assumingthattheinputsandoutputspassovera
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Figure2: Threeillustrationsof the usefulnes®f throughputanalysis

singlePClbusto thehostandthechip datapathcanrunat 33
MHz, eachinputcanreceveatmostonedatavalueeveryfour
cycles;thus, thereis no needfor the squarepartsto be able
to consumeadatamorefrequentlythanonceeveryfour cycles.
Reducinghesecomponentérom fully pipelinedcomponents
to componentgipelinedto take dataonceevery four cycles
cangainnearlyafactorof four in sizereduction.Similarly, in
Fig. 2 (b), we seea summationcomponentvhich sumsfour
elementdeforeproducinganoutput. Again, by usingslowver
multiplier parts,we canachieve afactorof four in spacesav-
ings. As a final example,considerFig. 2 (c). Here,we see
aniterative exponentialcomponentvhich requiresl6 cycles
to producea resultand consumehe next. In this case,it is
unnecessarfpr themultiplier feedingthe exponentiatto pro-
ducearesultary morefrequentlythanonceevery 16 cycles.

The throughputanalysistool begins by consideringthe in-
putsandoutputs. If no additionalinformationis given, it is
assumedbhat all inputs sharea pathand all outputssharea
path. Currently we make the further assumptiorthat each
input consumeslataat the samerate'. Similarly, we assume
thatall outputsare producedat the samerate. Thus,for N
inputs, we assumehat eachinput recevesanitem onceev-
ery N cycles. The rate of inputsandthe rate of outputsare
propagatedo the attachedortsaslimits on throughput.All
affectednodesare addedto a list. Eachnodehasa setof
attributesindicating the relative rate of consumptionof the
inputs,therelative rate of productionof the outputs,andthe
rate of productionof eachoutputrelative to the rate of con-
sumptionof eachinput. Using theseattributes,eachnodeon
thelist is checledfor consistencyConsistenyg is definedfor
a nodeasthe actualthroughputdor the ports satisfyingthe
relative ratesspecified. Any changeto athroughputon a port
is propagatedo ary attachedports, and the affectednodes
areaddedto the list. This is bestdemonstratedhroughan
example.

Considerthe theoreticalnode in Fig. 3. It hastwo inputs

1Furtheradvancesn thethroughputnalysigool will allow usto consider
therelatve consumptiorratesof theinputs
2No computationahodeis known to have theseproperties
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Figure4: A pipelinebalancingexample

andtwo outputs. Two elementsare consumedrom input A
for eachelementconsumedn input B. One elementis pro-
ducedon outputC for every elementconsumenan input B.
Oneelementis producedon outputD for every two elements
consumedn input B. In Fig. 3 (a) we seethe statusof the
graphafter a changeto the nodethat is producingdatafor
input B. The numberdndicatethe numberof cyclesperdata
item. This nodeis not consistentbecauséf elementsof B
areonly availableonceevery four cycles,elementsanonly
be consumedrom A onceevery two cycles, elementscan
only be producedon C onceevery four cycles,andonceev-
ery eightcyclesfor D. Fig. 3 (b) shawvs the nodeafterit has
beenupdated. Theseupdatesare then propagatedo the at-
tachedports.

4.3 PipelineBalancingTool

Becausemary of the componenimplementationsavailable
usepipeliningto achieve higherperformancethereariseshe
possibility for imbalancein the pipelinesto hinder perfor
mance.This problemis illustratedin Figure4. In this figure,
eachnodeis labeledwith thenumberof pipelinestagesn that
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node. Dueto our interconnectiormechanismeachlink also
addsone stage. Note that we are assuminga throughputof
oneitem per clock cycle for eachof the nodes.Assuminga
pathcanhold only asmary elementsasit haspipelinestages,
we canseethatonly four elementsareconsumedby theupper
pathbeforeit is “full”. Oncefull, it canno longerconsume
elementantil nodeC consumesiodesfrom it; thereforethe
lower path canno longer consumeelements. At this point,
the lower path hasonly consumedour elementsand must
propagateheseelementghroughl2 additionalstagesefore
producingoutput. Theresultis thatnodeC canonly process
four itemsevery 16 cycles,thoughit is capableof processing
anitemevery cycle.

To addresshis problem,we developedthe pipelinebalancing
tool. The pipelinebalancingtool is nearlytransparento the
user requiringonly thattheuserchooseo invokeit. In short,
it analyzeghe graphandinsertsadditionalbuffering where
necessaryo maintainperformance.The buffersareinserted
by replacingthe standardnterconnectsvith FIFOs.

The first stepin the algorithmis to find all possiblepaths
from eachinput to eachnode. The nodesare then sorted
by the maximumdistancein termsof hopsfrom an input.
Startingwith thenodewith the minimumdistanceeachnode
is consideredand all of the input branchedalanced.For a
givenbranch,m, the numberof elements £,,,, storedalong
the pathcanbe calculatedasshownn in Eq. 1, wherefor each
componeny, the lateng is I;, thethroughputis ¢;, and L,
is the numberof links in the branch,and C,,, is the number
of componentén the branch.For asetof k£ parallelbranches,
the numberof additionalbuffers, N;, neededn branchi can
thenbecalculatecasshavn in Eq. 2.

l.
E, = Cn-l+L, 1
S ®

The placemenbf the FIFOsis determinedby port attributes
andinterpretedby the codegeneratar All FIFOsareplaced
at the last node. If the numberof extra buffers neededex-

ceedssixteen(a sixteenelementFIFO canbeimplementedn

asingleblockof aXilinx 4000serie=PGA),additionalpass-
throughnodesare addedto the graph. The resultis thatthe
total numberof databuffersalongary possiblepathis identi-
cal. Thereforethepipelinebalancingool keepdateng from

having anundueeffectonthroughput.

4.4 Placemenflool

Properplacemenibf componentswithin a chip canbe very
important. As our resultsin section5.indicate,poorly con-
strainingthe locationof componentén a designcanresultin
poorerresultsthan not constrainingit at all. Unfortunately
the problemof properlyplacingcomponentsvithin a chipis
a difficult one. It relieson the experienceand knowledgeof
the designer— experienceand knowledgethe averageuser
doesnot have. To addresshis issue,we are developinga
placementool whichwill beresponsibldor determiningthe
placemenbf thecomponents.

The first incarnationof the placementool will presentthe
componentswith appropriatesize andshapeon a grid rep-
resentingthe device beingused. Connectiondetweencom-
ponentswill beillustratedaslines. Furtherextensionswill
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Figure5: Designlayout#1 for theadd.treeapplication

add a suite of algorithmsto the tool which attemptto find

an optimal layout for the specifiedalgorithm. The simplest
of the algorithmswill be basedon minimizing the maximum
distancebetweerconnectedcomponentsvhile attemptingto

properlyalign datapaths.Furtherrevisionswill leveragethe
large body of work availablein the field concerningplace-
mentschemesndmodulecompaction.

5. APPLICATIONS

In this sectionwe presenthreeapplicationsto shav the ad-
vantage®f thecomponenmodelvs. traditionalhardwarede-
signtechniquesandto shav theimportanceof properplace-
ment. The applicationspresentedare Adder_Trees, Modis
andSnaow, Ice andVegetationindices. Theseapplicationsare
comparedusing three different methods. The first method
usesRTL behaioral synthesized/HDL code. The second
methoduseshard macrocomponentsand allows the Auto-
matic PlaceandRoute(APR) toolsto placethe components.
The third methoduseshardmacrocomponentanddoesnot
allow APR to placethe logic, insteadthe designercreates
placementonstraintfor the application.We alsopresentre-
sults from testsrun for two evaluationmetrics, designper
formanceandtotal designtime to implementationusingthe
threemethodsdescribed.

All applicationtestswererun on an unloadedSparcUItral
with 192 MB of RAM. Synthesisand placeandroutewere
run for the tarmget speed=f 33 and 50 MHz. If the design
could not make the target speedthen N/A wasinsertedinto
the resultstable. The resultstablesshowv the target speeds
for eachtest,the actualspeedachiezed andthe designtimes
for synthesisandplaceandroutefor eachdesign. Somede-
signsweretestedwith two differentmanualplacementsThe
headingsPlaced#1 and Placed#2 indicatethe two different
layoutsfor the application,not using APR tools. The Un-
placedheadingis for the designusingthe placemenbf the
APR tools. The Synthesizecheadingshaws resultsfor the
RTL behaioral code.

5.1 AddTrees

In thefirst design,shonvn in Figure5, theregisterspreceeding
eachadderare placedin a single column. Eachadderthen
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Figure6: Designlayout#2 for theadd treeapplication

feedstwo outputregisterswhichin turnsene astheregisters
preceedinghe next addder

Thesecondlesignlayout,shovn in Figure6, emphasizethe
datapath. The datapathsof the registersare alignedwith
thoseof theaddersThis placements replicateduntil theend
of the chip is reached.The designthenfolds down andthe
patternis continued. The folding is doneoncemore dueto
finishfilling the chip.

Theresultsfor the add testsare shovn in Tablel. Theta-
ble shavs thatthe RTL behavioral designcould only reacha
speedof 34.9MHz in alittle over 33 hours. Usingthe hard
macro componentsvith the APR tools the speedincreases
to 37.5MHz while reducingthe run time to under4 hours.
Whenusing handplacemenbf the hard macrocomponents
the speedncreasegvenfurtherto 39.2MHz requiringonly
1 hourand25 minutes.Whenthetargetspeedvasincreased
for the secondplaceddesignthe actualspeedonly improved
by 1.6 MHz. This is a return of only 4% performancem-
provementfor aninvestmenbof anadditional3 hoursof run
time. It canbeobsenedthatthefirst placements notanopti-
mal placemensinceit doesnotaddresshedatapaththrough
the designasthe secondayout does. This is shavn by the
factthatthefirst targetspeedvasnot achieved.

5.2 Modis

This application,shavn in Figure7, is a pareddown version
of analgorithmusedfor the modisinstrument.The applica-
tion takesin a dataelementand splitsit to the initial eight
registers performsthe operationsandthenproducesa 12 bit
result. Theinitial registersfeeda columnof multipliers. The
multipliers outputto registerswhich are the inputs for two
stagesf adders.

This applicationwastestedusing threevariations. The first
designusesan iterative multiplier, the seconddesignuses
a pipelinedmultiplier andthe final designusesthe iterative
multiplier with four instance®f thealgorithmonthe chip.

The resultsfor the iterative modis applicationare shovn in
Table2. Note thatthis implementatiorrequireda relatively
smallfraction of the device to implement;thus,thereis little



Tablel: Adder Tree,DesignPerformanceandTotal DesignTime

Placed#1 Placed#2 Un-placed Synthesized
TargetSpeed MHz) 33 50 33 50 33 50 33 50
Actual SpeedMHz) 325 | N/A 39.2 40.8 37.5 36.7 34.9 28.5
SynthesisTime 0:02:38| N/A | 0:02:38| 0:02:38| 0:02:10| 0:02:35| 20:03:52| 10:06:51
PlaceandRouteTime | 5:25:50 | N/A | 1:22:28 | 3:57:37 | 3:32:45| 3:45:28 | 13:32:24| 74:06:34
Total DesignTime | 5:28:28 | N/A | 1:25:06 | 4:00:15| 3:34:55| 3:48:03| 33:36:18| 93:46:55

Table2: Modis with Iterative Multiplier, DesignPerformancendTotal DesignTime

Placed#1 Placed#2 Un-Placed Synthesized
TarmgetSpeedMHz) 33 50 33 50 33 50 33 50
Actual SpeedMHz) 41.6 42.5 40.9 42.0 40.9 42.4 37.6 40.6
SynthesisTime 0:02:04 | 0:02:05| 0:02:05| 0:02:05| 0:02:05| 0:02:05| 0:46:44| 0:44:40
PlaceandRouteTime | 0:11:31| 0:31:59| 0:12:38 | 0:44:20| 0:16:13| 0:32:20| 0:59:42| 2:02:48
Total DesignTime | 0:13:35| 0:34:04 | 0:14:43| 0:46:25| 0:18:18| 0:34:25| 1:46:26| 2:47:28
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Figure7: The Modis Application

variation in the performanceand implementationtimes for
the three versionsusing macros. The synthesizedsersion,
however, takessignificantlylongerto achieve poorerresults,
evenonthis low densitydesign.

Theresultsfor thepipelinedmultiplier variationareshavnin

Table3. Bigger performancalifferencesanbe seenn these
designshecaus¢hedensityof theapplicationalmostdoubles
wheninsertingthepipelinedmultipliers. TheRTL behaioral

designcould not reachthefirst target speedof 33 MHz after
requiring 18 hoursto complete. With this variation of the
applicationthe APR placeddesignactually runsfasterthan
thehandplaceddesign44.7MHz versus39.5MHz. Thisisa
casewherethe placemenbf thecomponentss difficult andit

is left to the designers ability to achieve agoodplacemenbf

thecomponentin thedevice. Obviously, theautomatedools
canconsidemoreoptionsmuchfasterthanthedesignerlt is

for thisreasorthatwe arecurrentlyaddinga placemenagent
to assistthe userin the placemenbf components.

The resultsfor the iteratve multiplier designwith mulitple
applicationinstancess shovn in Table4. The Total design
time in thesetestsis a majorimprovementover the RTL be-
havioral code.Theresultsshav the RTL behaioral attaining
anactualspeedf 37 MHz in 23 hours.The APR placedver-
sion shaws significantspeedup with anactualspeedof 42.4
MHz, taking just under3 hours. The handplacedimproves
further in the areaof total designtime reachingnearly the
samespeedn underanhour. Thistableillustratestheimpor-
tanceof usinghard macrocomponentsasthe densityof the
applicationincreases.



Table3: Modiswith PipelinedMultiplier, DesignPerformancendTotal DesignTime

Placed Un-Placed Synthesized

TargetSpeed MHz) 33 50 33 50 33 50
Actual SpeedMHz) 39.3 39.5 39.2 44.7 26.2 N/A
SynthesisTime 0:02:04 | 0:02:04 | 0:02:06| 0:02:05| 7:27:34 | N/A
PlaceandRouteTime | 0:29:15| 1:38:11| 0:44:21| 1:12:27| 11:20:48| N/A
Total DesignTime | 0:29:19| 1:40:15| 0:46:27 | 1:14:32| 18:48:22| N/A

Table4: Modis (4 Instances)DesignPerformancandTotal DesignTime

Placed Un-Placed Synthesized
TargetSpeed MHz) 33 50 33 50 33 50
Actual SpeedMHz) 41.8 42.3 40.9 42.4 37.4 36.9
SynthesisTime 0:02:30| 0:02:25| 0:02:25| 0:02:25| 15:55:00| 15:55:39
PlaceandRouteTime | 0:49:34 | 2:10:13| 1:32:47 | 2:40:46 | 7:32:41 | 20:34:20
Total DesignTime | 0:52:04 | 2:12:38| 1:35:12| 2:43:11| 23:27:41| 36:29:59
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Figure8: Snav & Ice Index with Vegetationindex
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Figure9: Color Map andBypassfor Snowv & Ice Index with
Vegetationindex

5.3 SnowIlce andVegetationindicies

This applicationusesbandsof satellitetelemetryto illustrate
theamountof vegetation,snov andice in a particularregion
of satellitedata. For eachindex the first two bandsof each
pixel areused(l, I). The basicalgorithmfor the vegetation
index is (2*I)/(I+11). Eacharithmeticcomponenfor the al-
gorithm hasbeentranslatedirom vhdl into the hard macro
componentsised.Thevegetationindex requiresa color map-
pingfor theoutputto bevisiblein abitmapform. Thesecom-
ponentsverealsotranslatedrom the C codefor themapping
into hardmacrocomponents.

The snov andice index algorithm doesnot requirea color

mappingasit computeseachcolor bandin the transforma-
tion. Theequationdor eachbandareasfollows: Redband=

4*[| - 3*I, Greenband= Il, Blue band=I. Figure8 shavsthe
transformation®f the pixels. Figure9 shows the color map-
ping for the vegetationindex andthe passthroughsegment
for thesnav andice index.

The resultsfor the Snaw, Ice and VegetationIndicies are
shavn in Table5. The RTL behaioral codecanachieve a
top speedof 37.5MHz in afractionunder6 hours. The APR
resultsshav someimprovementin onethird of thetime with
39.7MHz. The handplaceddesigndoesa little betterthan
this with 40.0 MHz in onehour. The resultsin this testdo
not fair extremelywell for the handplaceddesignsincethe
densityof the entireapplicationis under40% of the chip.

5.4 Analysis

The resultsindicateseveral interestingcharacteristicef the
hardmacros.First, they improve the performanceesultsfor
applicationsacrossthe board over their synthesizeccoun-



Table5: Snow, Ice andVegetationindicies,DesignPerformancandTotal DesignTime

Placed Un-Placed Synthesized
TargetSpeed MHz) 33 50 33 50 33 50
Actual SpeedMHz) 38.7 40.0 39.5 39.7 37.2 37.5
SynthesisTime 0:03:48| 0:03:40| 0:03:40| 0:03:40| 2:23:45| 2:18:46
PlaceandRouteTime | 0:22:03 | 0:57:45| 0:39:06| 1:18:44 | 1:30:59 | 3:36:43
Total DesignTime | 0:25:51| 1:01:25| 0:42:46 | 1:22:24| 3:54:44| 5:55:29
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terparts. In some cases,theseimprovementsare drastic,
thoughin low densitydesignst is lessnoticeable. Thesere-
sultsare summarizedn figure 11. Second the useof hard
macrosdrasticallyreduceghe total time to implementa de-
sign. Much of this savings comesfrom reducingthe time
requiredfor synthesisthoughin mostcaseplaceandroute
timesarealsodrasticallyreduced.Theimpacton designtime
acrossll theapplicationds summarizedn figure 10 Finally,
it is very importantto carefully considerthe manualplace-
mentof the macros. A poor placementcan produceworse
resultsthanno placemenatall. Unfortunatelywhenit is left
to the designerto choosethe placementthereis little to go
onotherthanexperienceandintuition. Automatedplacement
tools have the advantageof beingableto considerall of the
routing delays. For this reason,we intendto implementa
placingagentwhich will createautomateclacement®f the
components.

6. RELATED WORK

Many researchprojectshave attemptedto createfast, effi-
cient, easyto use developmentervironmentsfor reconfig-
urablecomputing. Most of theseprojectshave optedfor a
sourcelanguagesimilar to C.[3, 4, 5, 6, 7] While the syntax
of Cis likely to be familiar to new usersthelanguagdacks
adirect meandor specifyingtiming, rangesof precisionsor
multiple storageformats. By itself, C is not a completeso-
lution to our problembut it may be a helpful start. Indeed,
nothingin our approactprohibitsaddinga front-endagentto
translatefrom C to ADF. Our focus,however, is on the addi-
tional informationthattheusercanprovide.

For all designervironments,it is necessaryo have a back-

endprocesto mapthealgorithmto agiventechnology Some
chooseVHDL asanoutputformat,andthenallow synthesis
andAPRto produceresults.Thisis indeedthe mostportable
of the formats. We chooseto mapto a setof components
in orderto improve spaceefficiengy, performanceand the
time to implementationhhowever, our useof componentss
notunique.Work in [8] and[9] reportssimilar advantageso
workingwith modulesthoughthey typically work onsmaller
scaledesignsaanddo not addresshe needfor distributedcon-
trol. Koch[10] addressesomeof the problemsusingmod-
ulessuchasinternalfragmentatiorresultingin loweredde-
vice utilization. Becaus@urcomponentarecompletelyself-
containedand interactwith other componetghroughregis-
ters,we seelittle of this type of fragmentationhowever, we
areworking to addresgheinternalfragmentatiorinherentin
ourregisterimplementations.

Othersaretakingtheideaof modulesonestepfurtherandin-
troducingmodulegenerator$ll, 12, 6]. Thesemodulegen-
eratorsproduceparameterizednodulesbasedon known de-
scriptions.Modulegeneratorareoneway we planto extend
our ernvironmentandtake advantageof theimprovedimple-
mentationtimesaffordedby usingmodules.

7. CONCLUSIONS AND FUTURE WORK

RCADE combinedwith the component-basedesign ap-
proachoffers a powerful, flexible new tool for the design
of reconfigurablecomputingapplications. It helpsa userto

specifyall of thesalientpropertiesof a design,andthenuses
thosepropertiego build abettterdesign.Mostimportantly, it

is easilyextendedwith theadditionof new agents.



It hasalso beenshowvn that the use of relationally placed
componentsan greatly reducerun times and improve per
formance,evenif we allow the automatedoolsto placethe
macroson thechip. Theseémprovementdeadto adesigncy-
cle of a reasonablepredictablelength. This makesit much
easielfor othersto accepthetechnologyby makingiterative
designcyclesmorefeasible. Furtheradvancessuchasrout-
ing theindividualcomponents;ouldreducehis designcycle
evenfurther.

Futurework will includenew agentsandimproved compo-
nents.Specifically we areworking onaplacemenagentand
a partitioning agentwhich will aid the userin partitioning
a designbetweenmultiple devices and placing the compo-
nentswithin adevice. We arealsoconsideringoetterwaysto
build componentsincludingthe possibility of modulegener
ators.Anotherimprovemento componentdeingconsidered
is routingtheindividual componentsén additionto the place-
mentthatis alreadybeingdone.This shouldreducethe place
androutetimesby asmuchasan orderof magnitude.
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