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Abstract—As Field ProgrammableGateArray (FPGA) den-
sity increases,so doesthe potentialfor reconfigurablecom-
putingmachines.Unfortunately, applicationswhich take ad-
vantageof the higherdensitiesrequiresignificanteffort and
involve prohibitively long designcycles whenconventional
methodsare used. To combatthis problem,we proposea
designenvironment to managethis additional complexity.
Ourenvironmentgivestheend-useramechanismfor describ-
ing andmanagingalgorithmsat a higherlevel of abstraction
than other extant methodssuchas writing VHDL or using
schematiccapture.Thispaperdescribesanexperimentalver-
sionof theenvironment.

The coreof our designtool is a generalAlgorithm Descrip-
tion Format (ADF) which representsan algorithmasan at-
tributedgraph,anda library of components,which are tai-
loredto a particularFPGAdevice. In this paperwe presenta
setof toolswhich operateon theADF representationto pro-
vide a numberof functionsto aid in the creationof applica-
tions for configurablecomputingplatforms. Thesetools in-
cludefront-endtoolsfor specifyingadesign,asuiteof analy-
sistoolsto aidtheuserin refiningandconstrainingthedesign,
andasetof back-endtoolswhichselectcomponentsfrom the
library basedon the designconstraintsandplaceandroute
thesecomponentson the configurablecomputingplatform.
In thispaper, particularemphasisis placedon thecomponent
modelandtheanalysistools.
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1. INTRODUCTION

ConfigurableComputingMachines(CCMs)basedon FPGA
technologyshow tremendouspotentialfor improving theper-
formanceof aerospaceapplications.Unfortunately, thetools
to developapplicationsfor CCMsarenotmaturingasquickly
asthetechnology. Thisproblemmanifestsitself in two areas:
initial applicationdevelopmentis complex andtimeconsum-
ing, andmigrationfrom onegenerationto the next requires
significantredesigneffort. Theseproblemsleave many un-
willing to migratetheir applicationsfrom a softwareimple-
mentationto hardware. We have proposedan environment
called the ReconfigurableComputingApplication Develop-
ment Environment(RCADE) for the developmentof CCM
applicationswhich will offer higherperformancethansoft-
ware solutions,will allow non-experts in 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.
Thispaperfocusesonthecomponentmodelusedby theback-
endof RCADE to generatedesigns.In particular, we show
how our component-basedapproachleadsto a simplercon-
trol model,fasteranddenserdesigns,shortenedlifecycle,and
integratesalgorithm designand implementationbetter than
conventionalapproaches.

Oneof thecentralthemesof RCADE is that theuserselects
operationsfrom a library without initially specifyingan im-



plementation.Oncethedesignis completelyspecified,these
abstract� operationsarethenboundto components.Compo-
nentsin our environmentareefficiently implementedblocks
of logic (suchasadders,multipliers,etc.) that conformto a
well-definedinterface.This component-basedapproachpro-
videsa numberof advantages.The componentinterfaceis
designedin sucha way that componentscan interfacewith
eachotherwithout theneedfor any controllingstatemachine.
This lack of centralcontrolreducesthecomplexity of timing
issuesandeasesdebugging. The interlock mechanismused
by the componentsto achieve this is describedin detail in
sections3.1. Separatingthe selectionof the operationfrom
the selectionof the componentalsoservesto easethe prob-
lem of migrationfrom oneFPGA device or CCM platform
to the next. The samedesign,specifiedby the userasa set
of abstractoperations,canbe re-usedby simply runningthe
componentselectionphaseagainwith a library of compo-
nentstargetedat thenew device. Oncethecomponentlibrary
is portedto anew platform,any RCADEdesigncanbeported
quickly andeasily.

A final advantageof separatingthe selectionof operations
from theselectionof componentsis tighterintegrationof the
algorithm designand implementation. RCADE provides a
numberof tools that help guide the user in refining their
designtowardsa more efficient implementation. Someof
thesetools run beforecomponentselectionto helpguidethe
choiceof bettercomponents,andsomerunafterwardsto sug-
gestchangesto the design. Examplesof this kind of tool
include the PrecisionAnalysis tool, which attemptsto find
placesin the designwhere it may be mademore compact
by usingcomponentsthat usea differentdataformat or re-
ducedprecision,or the ThroughputAnalysis tool that ana-
lyzes wherespacesavings can be achieved without perfor-
mancepenaltyby choosingsmaller, slower implementations.
Theseandothertoolsaredescribedin detail in section4..

The RCADE approachto designalso shortensthe pathbe-
tweenalgorithm designand designof the implementation.
Using conventionalhardwaredesigntechniques,the design
of thealgorithmandtheimplementationarecompletelysep-
aratetasks,and the detailsof the implementationcan take
months.In RCADE, theusercaninteractwith boththealgo-
rithm designandtheimplementation,evolving eachpartand
usingoneto guidetheother. Thesituationis somewhatanal-
ogousto programmingassemblylanguageon an old batch
processingcomputervs. using a high-level languagecom-
piler on an interactive system. In the former case,oncethe
algorithm is designedthe userspenta long period of time
constructinga programusing instructionsat a much lower
level of abstractionthanthealgorithmspecification.Further,
thepenaltyfor testingthe implementationis high, soefforts
would be madeto completethe whole designcorrectly the
first time. In the lattercase,theprogrammerworksat a sig-
nificantly higherlevel of abstraction.Operationsin the pro-
gramcorrespondmorecloselyto the operationsspecifiedin
the algorithm. In addition,it is relatively simpleto compile

a programandobserve its behavior, thengo backandmake
changesto thesource.RCADE attemptsto bring theinterac-
tive modelwith a higherlevel of abstractionto thehardware
designworld.

In section2, abrief overview will beprovidedof theRCADE
system,includingadescriptionof theinfrastructureit is built
uponandsomeof the front-endtools for designentry. Sec-
tion 3 examinesin detail the componentmodel,particularly
theinterconnectionmechanismbetweencomponents,andthe
methodsof implementingcomponents.Section4 presents
someof the analysistools usedin RCADE, andshows how
they canbeusedto improvesomesampledesigns.Section5
presentssomeresultsof usingRCADE to do designs,com-
paring speedand circuit densityof designsusing RCADE
componentsto thosesamedesignsspecifiedin VHDL. Sec-
tion 6 comparesRCADEto othertoolswhichseekto simplify
the designof reconfigurableapplications. Section7 closes
with conclusionsandfuturework.

2. SYSTEM OVERVIEW

This sectiondescribesthe systemRCADE wasconstructed
from, andprovidesa shortdescriptionof the tools available
in thefront-endof RCADE.

2.1 CECAAD

RCADE is built upon the ClemsonEnvironmentfor Com-
puter Aided Application Design (CECAAD) infrastructure
for creatingProblemSolving Environments[1]. CECAAD
providesa common,sharedformat for representingdesigns,
known astheAlgorithmDescriptionFormat(ADF). Thefun-
damentalunit of the ADF is the DesignUnit (DU), which
representsasinglegraph.Theverticesin thegrapharecalled
nodes,andeachnodecontainsa numberof input andoutput
ports. The edgesin the graphareknown as links andcon-
nectthe ports. Eachnodeandport in the systemaswell as
the DU itself containsa list of attributes. Supportfor hier-
archyis provided in ADF by placingan attribute on a node
which referencesanotherDU. A numberof different tools,
knownasagentshaveconcurrentaccessto thedesign.Agents
aredistinctentitiesthatutilize a well-definedinterfaceto the
shareddesign. CECAAD providessupportto easethe cre-
ationof new agents,includinga modelfor collaborationbe-
tweenagentsanda mechanismfor reusinginterfacesof ex-
isting agents.CECAAD alsoprovidesa numberof generic
agentsuseful in many environments.The tools providedby
CECAAD which areusedin RCADEaredescribedbelow.

TheADFmanager is responsiblefor loadingandsaving DUs
throughan interface to a relational database.This allows
the managerto searchthe DUs basedon the value of any
attribute, or any logical combinationof attributes. For in-
stance,an agentcan passa requestto the ADFmanagerto
locateany DU that performsa single-precisionmultiply, is
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Figure1: Thebasicstructureof RCADE

implementedon a Xilinx, anddoesnot usea CORDICalgo-
rithm. TheADFmanageris alsoresponsiblefor coordinating
theactionsof theagentson theDU. Whenanagentrequests
thatanew DU beloaded,theADFmanagerinformseachrun-
ning agentthata new DU is to be loaded,andchecksif any
agentneedsto savetheopenDU. Thegrapheditorprovidesa
directgraphicalmeansfor manipulatinganADF graph.The
text translatortranslatesADF Designsinto andout of a text-
basedlanguagefor describingattributedgraph.

2.2 Front-EndTools

The basicstructureof RCADE is shown in Figure 1. The
basicdesignflow is asfollows: theuserspecifiesthedesign
initially asa graphcomposedof abstractoperationsselected
from the abstractoperationlibrary. Thedesigncanbe spec-
ified eithergraphicallythroughthegrapheditor, or textually
with a text translationagent. Oncethe designis specified,
theanalysistoolsdiscussedin section4. aid theuserin refin-
ing andconstrainingthe design.Oncethe constraintsarein
place,thecomponentselectorbindstheabstractoperationsto
implementationsfrom thecomponentlibrary for theappropri-
atetargetCCM platform. Additional RCADE tools thenaid
theuserin placingtheselectedcomponentsandpartitioning
thembetweendevices.Finally thecodegeneratorsynthesizes
anapplicationfrom thecomponents.

3. COMPONENTS

Eachnodewhich is specifiedasanoperationmusteventually
beboundto animplementation.Additionally, it is necessary
to establishamechanismfor passingdatabetweenthesecom-
ponents.This sectiondiscussesour componentinterconnec-
tion modelandthecomponentimplementationsthatwe use.

3.1 ComponentInterconnection

The traditionalcomponentinterconnectionmodelusesbasic
componentswhich rely on externalcontrol logic “knowing”
whendatawill beproducedat eachstage.This modelintro-
ducesanumberof complications.For example,eachtimethe
propertiesof a singlecomponentarechanged,it is necessary
to redesignthe control logic. Furthermore,the useof itera-
tive componentsis complicatedby the needto provide start
signals.Finally, it is difficult to stall this typeof pipelineto
accomodatebursty, bufferedIO, especiallystallsat the out-
put.

Our designprocesstakesa slightly differentapproach.We
embedcontrolwithin eachcomponentandrequirethateach
componentcorrespondto a specificinterconnectionmodel.
We choseto useFIFOs at eachlink; thus, componentsare
connectedthroughFIFOs, making the control of a compo-
nentindependentof thecomponentsto which it is connected.
Eachcomponentonly producesan elementwhen the desti-
nationFIFO is not full andonly consumesanelementwhen
thesourceis not empty. In themosteconomicalimplementa-



tion, theseFIFOshaveadepthof one,requiringonly asingle
register
 anda singlefull/empty bit to implement.

Therearemany advantagesto this typeof approach.For ex-
ample,with a standardizedinterconnectionmodel and dis-
tributed control, we can interchangedifferent implementa-
tions of an operationwithout beingconcernedaboutthe ef-
fectson control. Inherentto this model is the ability to use
multi-cycle or variablecycle partswithout needingto create
specialexternalstatemachines.Thisalsoallowsusto always
maintaina full pipelinesincethe componentswill naturally
stall whenthereis no spaceavailablefor anoutput. Another
importantadvantageis the ability to vary the depthof the
interconnectingFIFOs to balancepipelinesas discussedin
Sect.4.3.

3.2 ComponentImplementations

Componentsare initially implementedin RTL behavioral
VHDL code. This allows for logical debugging and opti-
mization,and is obviously the mostportableandmosteas-
ily parameterizedimplementationof thecomponents.Unfor-
tunately, usingthesecomponentsandpassingthemthrough
the traditional synthesisand placeand route path requires
a significant amount of time and yields unpredictablere-
sults; therefore,RCADE componentstypically containrel-
ative placements.This producesa numberof positive side
effects.Obviously, theplaceandrouteof a designis a much
fasterprocessif pre-placedcomponentsareused,makingan
interactive designcycle more feasible. The useof properly
placedcomponentstypically resultsin denserdesignsthan
allowing automaticplacementof thesamelogic. Designsus-
ing thesecomponentsarealsotypically fasterthansimilarde-
signsthat don’t usepreplacement,sincethe componentsre-
tainstructuringinformationthatis oftenlost in thetraditional
path.

4. ANALYSIS TOOLS

Analysis tools are provided to assista userin improving a
designspecification. Thesetools rangefrom the highly in-
teractive PrecisionAnalysis Tool that operateson designs
very early in the specificationcycle to the almosttranspar-
entPipelineBalancingTool which operateson a designafter
the componentselectionphase.Thesetools are intendedto
bevery focusedandcapturesomeelementof a hardwarede-
signersexpertisesothatit maybeusedby others.

4.1 PrecisionAnalysisTool

The FPGA devices usedin reconfigurablecomputingplat-
formsarematuring,but theuseof standardfloating-pointfor-
matsis still verycostlyin generalapplications[2]. Instead,it
is oftennecessaryfor usersto designtheir applicationsusing
a lessfamiliar fixed-point implementation. To compensate

for this,wehavedevelopedtheprecisionanalysistool to help
usersspecify the appropriateprecisionfor their algorithm.
This informationcanalsobe usedto reducethe numberof
resourcesrequiredfor someoperations.

Theprecisionanalysistool allowsauserto specifyany a pri-
ori knowledgeaboutthe requiredprecisionor adequatepre-
cisionin thealgorithmthey areimplementing.This informa-
tion canbeenteredaseitheraformator adatarange.Formats
arespecifiedasthestartingandendingbit positionsof anum-
ber. For example,anumbermayusethebits from four places
to theleft of thedecimalto four placesto theright of thedec-
imal. Precisioncanalsobespecifiedin termsof dataranges.
Datarangesconsistof a minimumvalue,a maximumvalue,
andagranularity.

Whetherprecisionis specifiedasaformator arange,thepre-
cisioninformationcanbepropagatedthroughthegraph.The
precisionanalysistool initializes by checkingfor precision
informationat the inputsandoutputs. If no precisioninfor-
mationhasbeenprovided,it promptstheuserfor enoughin-
formation to allow continuedprocessing. The precisionis
thenpropagatedforwardto all portsin thegraph.Thepreci-
sionanalysistool thenattemptsto propagateany constraints
placedon the outputsbackto the inputs. Unfortunately, au-
tomatic backwardsprecisioncalculationis an incompletely
specifiedproblemfor many arithmeticoperations.For these
scenarios,thetool containsaninteractivemodefor theuserto
assistin theprocessof backwardspropagation.Thetool also
allows theuserto manuallyaltertheprecisionat any point in
the graph. The effectsof this alterationarethenpropagated
throughtheremainderof thegraph.

Operationswhich the precisionanalysistool currently sup-
port include addition, multiplication, division, sine, cosine,
naturallog, andsquareroot. Algorithms for computingthe
precisionfor additional operationscan be addedeasily by
addinga classwhena new operationis addedto thesystem.
Theprecisionanalysistool alsosupportshierarchicaldesigns
by computingtheprecisionof subgraphsin the design,then
attachingthe precisionof the external inputsandoutputsof
that subgraphto attributesof the correspondingnodein the
parentgraph.

4.2 ThroughputAnalysisTool

On mostreconfigurablecomputingplatforms,thereis a lim-
ited amountof communicationsbandwidthbetweenthehost
systemmemoryandthe reconfigurablecomputer. Even as-
suming unlimited bandwidth, there are componentswhich
consumemoreitemsthanthey produceor whichhaveafixed
rateof consumptionandproduction.Thegoalof thethrough-
putanalysistool is to takeadvantageof thesescenariosto se-
lectslower, smallerimplementationsof eachoperation.Con-
siderthesimpleexamplesin Figure2. In Fig. 2 (a),weseean
applicationwhichusesfour 32bit inputsthatmustpassovera
singleinput. Assumingthattheinputsandoutputspassovera
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Figure2: Threeillustrationsof theusefulnessof throughputanalysis

singlePCIbusto thehostandthechipdatapathcanrunat33
MHz, eachinputcanreceiveatmostonedatavalueeveryfour
cycles; thus,thereis no needfor the squarepartsto be able
to consumedatamorefrequentlythanonceeveryfour cycles.
Reducingthesecomponentsfrom fully pipelinedcomponents
to componentspipelinedto take dataonceevery four cycles
cangainnearlyafactorof four in sizereduction.Similarly, in
Fig. 2 (b), we seea summationcomponentwhich sumsfour
elementsbeforeproducinganoutput.Again,by usingslower
multiplier parts,wecanachievea factorof four in spacesav-
ings. As a final example,considerFig. 2 (c). Here,we see
aniterative exponentialcomponentwhich requires16 cycles
to producea resultandconsumethe next. In this case,it is
unnecessaryfor themultiplier feedingtheexponentialto pro-
ducearesultany morefrequentlythanonceevery16 cycles.

The throughputanalysistool begins by consideringthe in-
putsandoutputs. If no additionalinformationis given, it is
assumedthat all inputssharea pathandall outputssharea
path. Currently, we make the further assumptionthat each
input consumesdataat thesamerate1. Similarly, we assume
that all outputsareproducedat the samerate. Thus, for �
inputs,we assumethateachinput receivesan item onceev-
ery � cycles. The rateof inputsandthe rateof outputsare
propagatedto theattachedportsaslimits on throughput.All
affectednodesare addedto a list. Eachnodehasa set of
attributesindicating the relative rate of consumptionof the
inputs,therelative rateof productionof theoutputs,andthe
rateof productionof eachoutputrelative to the rateof con-
sumptionof eachinput. Usingtheseattributes,eachnodeon
thelist is checkedfor consistency. Consistency is definedfor
a nodeasthe actualthroughputsfor the portssatisfyingthe
relativeratesspecified.Any changeto a throughputon aport
is propagatedto any attachedports, and the affectednodes
areaddedto the list. This is bestdemonstratedthroughan
example.

Considerthe theoreticalnode2 in Fig. 3. It hastwo inputs

1Furtheradvancesin thethroughputanalysistool will allow usto consider
therelative consumptionratesof theinputs

2No computationalnodeis known to have theseproperties

Figure4: A pipelinebalancingexample

andtwo outputs.Two elementsareconsumedfrom input A
for eachelementconsumedon input B. Oneelementis pro-
ducedon outputC for every elementconsumendon input B.
Oneelementis producedonoutputD for every two elements
consumedon input B. In Fig. 3 (a) we seethe statusof the
graphafter a changeto the nodethat is producingdatafor
input B. Thenumbersindicatethenumberof cyclesperdata
item. This nodeis not consistentbecauseif elementsof B
areonly availableonceevery four cycles,elementscanonly
be consumedfrom A onceevery two cycles, elementscan
only beproducedon C onceevery four cycles,andonceev-
ery eightcyclesfor D. Fig. 3 (b) shows thenodeafter it has
beenupdated.Theseupdatesarethenpropagatedto the at-
tachedports.

4.3 PipelineBalancingTool

Becausemany of the componentimplementationsavailable
usepipeliningto achievehigherperformance,therearisesthe
possibility for imbalancein the pipelinesto hinder perfor-
mance.This problemis illustratedin Figure4. In this figure,
eachnodeis labeledwith thenumberof pipelinestagesin that



(a) (b)

Figure3: (a)An inconsistentnode,(b) aconsistentnode

node.Dueto our interconnectionmechanism,eachlink also
addsonestage.Note that we areassuminga throughputof
oneitem perclock cycle for eachof the nodes.Assuminga
pathcanholdonly asmany elementsasit haspipelinestages,
wecanseethatonly four elementsareconsumedby theupper
pathbeforeit is “full”. Oncefull, it canno longerconsume
elementsuntil nodeC consumesnodesfrom it; therefore,the
lower pathcanno longerconsumeelements.At this point,
the lower path hasonly consumedfour elementsand must
propagatetheseelementsthrough12 additionalstagesbefore
producingoutput.Theresultis thatnodeC canonly process
four itemsevery16 cycles,thoughit is capableof processing
anitemeverycycle.

To addressthisproblem,wedevelopedthepipelinebalancing
tool. Thepipelinebalancingtool is nearlytransparentto the
user, requiringonly thattheuserchooseto invokeit. In short,
it analyzesthe graphandinsertsadditionalbuffering where
necessaryto maintainperformance.Thebuffersareinserted
by replacingthestandardinterconnectswith FIFOs.

The first step in the algorithm is to find all possiblepaths
from eachinput to eachnode. The nodesare then sorted
by the maximumdistancein termsof hops from an input.
Startingwith thenodewith theminimumdistance,eachnode
is consideredandall of the input branchesbalanced.For a
givenbranch,� , the numberof elements,��� , storedalong
thepathcanbecalculatedasshown in Eq.1, wherefor each
component� , the latency is ��� , the throughputis ��� , and ���
is the numberof links in the branch,and ��� is the number
of componentsin thebranch.For asetof � parallelbranches,
thenumberof additionalbuffers, ��� , neededin branch can
thenbecalculatedasshown in Eq.2.

� �"!$#�&%(' � �
� �
���*) � � (1)

�*� !,+.-0/1 2 � 143 ���65 (2)

Theplacementof theFIFOsis determinedby port attributes
andinterpretedby the codegenerator. All FIFOsareplaced
at the last node. If the numberof extra buffers neededex-
ceedssixteen(asixteenelementFIFOcanbeimplementedin
asingleblockof aXilinx 4000seriesFPGA),additionalpass-
throughnodesareaddedto the graph. The result is that the
totalnumberof databuffersalongany possiblepathis identi-
cal. Therefore,thepipelinebalancingtool keepslatency from
having anundueeffecton throughput.

4.4 PlacementTool

Properplacementof componentswithin a chip canbe very
important. As our resultsin section5.indicate,poorly con-
strainingthelocationof componentsin a designcanresultin
poorerresultsthannot constrainingit at all. Unfortunately,
theproblemof properlyplacingcomponentswithin a chip is
a difficult one. It relieson the experienceandknowledgeof
the designer— experienceandknowledgethe averageuser
doesnot have. To addressthis issue,we are developinga
placementtool which will beresponsiblefor determiningthe
placementof thecomponents.

The first incarnationof the placementtool will presentthe
components,with appropriatesizeandshape,on a grid rep-
resentingthedevice beingused.Connectionsbetweencom-
ponentswill be illustratedas lines. 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 thealgorithmswill bebasedon minimizing themaximum
distancebetweenconnectedcomponentswhile attemptingto
properlyalign datapaths.Furtherrevisionswill leveragethe
large body of work available in the field concerningplace-
mentschemesandmodulecompaction.

5. APPLICATIONS

In this sectionwe presentthreeapplicationsto show the ad-
vantagesof thecomponentmodelvs. traditionalhardwarede-
signtechniques,andto show theimportanceof properplace-
ment. The applicationspresentedare Adder Trees,Modis
andSnow, IceandVegetationIndices.Theseapplicationsare
comparedusing threedifferent methods. The first method
usesRTL behavioral synthesizedVHDL code. The second
methoduseshard macrocomponentsandallows the Auto-
maticPlaceandRoute(APR) toolsto placethecomponents.
Thethird methoduseshardmacrocomponentsanddoesnot
allow APR to place the logic, insteadthe designercreates
placementconstraintfor theapplication.We alsopresentre-
sults from testsrun for two evaluationmetrics,designper-
formanceandtotal designtime to implementation,usingthe
threemethodsdescribed.

All applicationtestswere run on an unloadedSparcUltra1
with 192 MB of RAM. Synthesisandplaceandroutewere
run for the target speedsof 33 and50 MHz. If the design
could not make the target speedthenN/A wasinsertedinto
the resultstable. The resultstablesshow the target speeds
for eachtest,theactualspeedachievedandthedesigntimes
for synthesisandplaceandroutefor eachdesign.Somede-
signsweretestedwith two differentmanualplacements.The
headingsPlaced#1 andPlaced#2 indicatethe two different
layoutsfor the application,not using APR tools. The Un-
placedheadingis for the designusingthe placementof the
APR tools. The Synthesizedheadingshows resultsfor the
RTL behavioral code.

5.1 Add Trees

In thefirst design,shown in Figure5, theregisterspreceeding
eachadderareplacedin a singlecolumn. Eachadderthen
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Figure6: Designlayout#2 for theadd treeapplication

feedstwo outputregisters,which in turnserveastheregisters
preceedingthenext addder.

Theseconddesignlayout,shown in Figure6, emphasizesthe
datapath. The datapathsof the registersare alignedwith
thoseof theadders.Thisplacementis replicateduntil theend
of the chip is reached.The designthenfolds down andthe
patternis continued.The folding is doneoncemoredueto
finishfilling thechip.

The resultsfor the add testsareshown in Table1. The ta-
ble shows that theRTL behavioral designcouldonly reacha
speedof 34.9MHz in a little over 33 hours. Using thehard
macrocomponentswith the APR tools the speedincreases
to 37.5MHz while reducingthe run time to under4 hours.
Whenusinghandplacementof the hardmacrocomponents
thespeedincreasesevenfurther to 39.2MHz requiringonly
1 hourand25 minutes.Whenthetargetspeedwasincreased
for thesecondplaceddesigntheactualspeedonly improved
by 1.6 MHz. This is a returnof only 4% performanceim-
provementfor an investmentof anadditional3 hoursof run
time. It canbeobservedthatthefirst placementis notanopti-
malplacementsinceit doesnotaddressthedatapaththrough
the designasthe secondlayout does. This is shown by the
factthatthefirst targetspeedwasnot achieved.

5.2 Modis

This application,shown in Figure7, is a pareddown version
of analgorithmusedfor themodisinstrument.Theapplica-
tion takes in a dataelementandsplits it to the initial eight
registers,performstheoperationsandthenproducesa 12 bit
result.Theinitial registersfeeda columnof multipliers. The
multipliers output to registerswhich are the inputs for two
stagesof adders.

This applicationwastestedusingthreevariations. The first
designusesan iterative multiplier, the seconddesignuses
a pipelinedmultiplier andthe final designusesthe iterative
multiplier with four instancesof thealgorithmon thechip.

The resultsfor the iterative modisapplicationareshown in
Table2. Note that this implementationrequireda relatively
small fractionof thedevice to implement;thus,thereis little



Table1: Adder Tree,DesignPerformanceandTotalDesignTime

Placed#1 Placed#2 Un-placed Synthesized
TargetSpeed(MHz) 33 50 33 50 33 50 33 50
ActualSpeed(MHz) 32.5 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

TotalDesignTime 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 IterativeMultiplier, DesignPerformanceandTotalDesignTime

Placed#1 Placed#2 Un-Placed Synthesized
TargetSpeed(MHz) 33 50 33 50 33 50 33 50
ActualSpeed(MHz) 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

TotalDesignTime 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: TheModis Application

variation in the performanceand implementationtimes for
the threeversionsusing macros. The synthesizedversion,
however, takessignificantlylongerto achieve poorerresults,
evenon this low densitydesign.

Theresultsfor thepipelinedmultiplier variationareshown in
Table3. Biggerperformancedifferencescanbeseenin these
designs,becausethedensityof theapplicationalmostdoubles
wheninsertingthepipelinedmultipliers.TheRTL behavioral
designcouldnot reachthefirst targetspeedof 33 MHz after
requiring 18 hoursto complete. With this variation of the
applicationthe APR placeddesignactually runsfasterthan
thehandplaceddesign,44.7MHz versus39.5MHz. This is a
casewheretheplacementof thecomponentsis difficult andit
is left to thedesigner’sability to achieveagoodplacementof
thecomponentsin thedevice. Obviously, theautomatedtools
canconsidermoreoptionsmuchfasterthanthedesigner. It is
for this reasonthatwearecurrentlyaddingaplacementagent
to assisttheuserin theplacementof components.

The resultsfor the iterative multiplier designwith mulitple
applicationinstancesis shown in Table4. The Total design
time in thesetestsis a major improvementover theRTL be-
havioral code.Theresultsshow theRTL behavioral attaining
anactualspeedof 37MHz in 23hours.TheAPRplacedver-
sionshows significantspeedup with anactualspeedof 42.4
MHz, taking just under3 hours. The handplacedimproves
further in the areaof total designtime reachingnearly the
samespeedin underanhour. This tableillustratestheimpor-
tanceof usinghardmacrocomponentsasthe densityof the
applicationincreases.



Table3: Modis with PipelinedMultiplier, DesignPerformanceandTotalDesignTime

Placed Un-Placed Synthesized
TargetSpeed(MHz) 33 50 33 50 33 50
ActualSpeed(MHz) 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

TotalDesignTime 0:29:19 1:40:15 0:46:27 1:14:32 18:48:22 N/A

Table4: Modis (4 Instances),DesignPerformanceandTotalDesignTime

Placed Un-Placed Synthesized
TargetSpeed(MHz) 33 50 33 50 33 50
ActualSpeed(MHz) 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

TotalDesignTime 0:52:04 2:12:38 1:35:12 2:43:11 23:27:41 36:29:59
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Figure8: Snow & Ice Index with VegetationIndex
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Figure9: Color Map andBypassfor Snow & Ice Index with
VegetationIndex

5.3 Snow, IceandVegetationIndicies

This applicationusesbandsof satellitetelemetryto illustrate
theamountof vegetation,snow andice in a particularregion
of satellitedata. For eachindex the first two bandsof each
pixel areused(I, II). The basicalgorithmfor the vegetation
index is (2*II)/(I+II). Eacharithmeticcomponentfor the al-
gorithm hasbeentranslatedfrom vhdl into the hard macro
componentsused.Thevegetationindex requiresacolormap-
pingfor theoutputto bevisiblein abitmapform. Thesecom-
ponentswerealsotranslatedfrom theC codefor themapping
into hardmacrocomponents.

The snow and ice index algorithm doesnot requirea color
mappingas it computeseachcolor bandin the transforma-
tion. Theequationsfor eachbandareasfollows: Redband=
4*II - 3*I, Greenband= II, Blueband= I. Figure8 showsthe
transformationsof thepixels. Figure9 shows thecolor map-
ping for the vegetationindex andthe passthroughsegment
for thesnow andice index.

The results for the Snow, Ice and VegetationIndicies are
shown in Table5. The RTL behavioral codecanachieve a
top speedof 37.5MHz in a fractionunder6 hours.TheAPR
resultsshow someimprovementin onethird of thetimewith
39.7MHz. The handplaceddesigndoesa little betterthan
this with 40.0 MHz in onehour. The resultsin this testdo
not fair extremelywell for the handplaceddesignsincethe
densityof theentireapplicationis under40%of thechip.

5.4 Analysis

The resultsindicateseveral interestingcharacteristicsof the
hardmacros.First, they improve theperformanceresultsfor
applicationsacrossthe board over their synthesizedcoun-



Table5: Snow, IceandVegetationIndicies,DesignPerformanceandTotalDesignTime

Placed Un-Placed Synthesized
TargetSpeed(MHz) 33 50 33 50 33 50
ActualSpeed(MHz) 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 densitydesignsit is lessnoticeable.Thesere-
sultsaresummarizedin figure 11. Second,the useof hard
macrosdrasticallyreducesthe total time to implementa de-
sign. Much of this savings comesfrom reducingthe time
requiredfor synthesis,thoughin mostcaseplaceandroute
timesarealsodrasticallyreduced.Theimpactondesigntime
acrossall theapplicationsis summarizedin figure10Finally,
it is very importantto carefully considerthe manualplace-
mentof the macros. A poor placementcanproduceworse
resultsthannoplacementatall. Unfortunately, whenit is left
to the designerto choosethe placement,thereis little to go
onotherthanexperienceandintuition. Automatedplacement
tools have the advantageof beingableto considerall of the
routing delays. For this reason,we intend to implementa
placingagentwhich will createautomatedplacementsof the
components.

6. RELATED WORK

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

For all designenvironments,it is necessaryto have a back-

endprocesstomapthealgorithmtoagiventechnology. Some
chooseVHDL asanoutputformat,andthenallow synthesis
andAPRto produceresults.This is indeedthemostportable
of the formats. We chooseto map to a set of components
in order to improve spaceefficiency, performance,and the
time to implementation;however, our useof componentsis
not unique.Work in [8] and[9] reportssimilar advantagesto
workingwith modules,thoughthey typically work onsmaller
scaledesignsanddonotaddresstheneedfor distributedcon-
trol. Koch [10] addressessomeof the problemsusingmod-
ulessuchas internal fragmentationresultingin loweredde-
viceutilization. Becauseourcomponentsarecompletelyself-
containedand interactwith othercomponetsthroughregis-
ters,we seelittle of this typeof fragmentation;however, we
areworking to addresstheinternalfragmentationinherentin
our registerimplementations.

Othersaretakingtheideaof modulesonestepfurtherandin-
troducingmodulegenerators[11, 12, 6]. Thesemodulegen-
eratorsproduceparameterizedmodulesbasedon known de-
scriptions.Modulegeneratorsareoneway weplanto extend
our environmentandtake advantageof the improvedimple-
mentationtimesaffordedby usingmodules.

7. CONCLUSIONS AND FUTURE WORK

RCADE combinedwith the component-baseddesign ap-
proachoffers a powerful, flexible new tool for the design
of reconfigurablecomputingapplications.It helpsa userto
specifyall of thesalientpropertiesof a design,andthenuses
thosepropertiesto build abettterdesign.Most importantly, it
is easilyextendedwith theadditionof new agents.



It has also beenshown that the use of relationally placed
components7 cangreatly reducerun times and improve per-
formance,even if we allow the automatedtools to placethe
macroson thechip. Theseimprovementsleadto adesigncy-
cle of a reasonable,predictablelength. This makesit much
easierfor othersto acceptthetechnologyby makingiterative
designcyclesmorefeasible.Furtheradvances,suchasrout-
ing theindividualcomponents,couldreducethisdesigncycle
evenfurther.

Futurework will includenew agents,andimprovedcompo-
nents.Specifically, weareworkingonaplacementagent,and
a partitioning agentwhich will aid the user in partitioning
a designbetweenmultiple devices and placing the compo-
nentswithin adevice. We arealsoconsideringbetterwaysto
build components,includingthepossibilityof modulegener-
ators.Anotherimprovementto componentsbeingconsidered
is routingtheindividualcomponentsin additionto theplace-
mentthatis alreadybeingdone.Thisshouldreducetheplace
androutetimesby asmuchasanorderof magnitude.
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