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Abstract

In recentyearstherehasbeenrenaved interestin the useof flexible arraysof fine-grained
computationaklementdo performlogical functions. This interesthasbeensparled by the tech-
nologicaladvancemenbf very large-scald@ntegratedcircuits in the form of field-programmable
gatearrays(FPGASs). Although logic mappingto regular arraysof gatesin integratedchip form
hasonly beenpracticalfor the pasttenyearsor so,a numberof reconfigurablerchitecturesvere
designedhndanalyzedduringthe 1960's andearly 1970's.

This papemakesa historicalanalysisof thesestructuresanddiscusseshangesn technology
andarchitecturatrendsasthey pertainto cellulararrayssincethe 1960%s. Direct comparison®f
variouscellular array architecturalfeatureswith contemporaryprogrammabldogic featuresare
madeaswell asananalysisof potentialfuture directionsfor FPGA developmentbasedn parton
knowledgegainedfrom the studyof cellulararrays.

1 Introduction

Sincethe inceptionof integratedcircuit technologyin the late 19505 therehasbeeninterestin map-
ping reconfigurablemplementation®f switchingfunctionsto a silicon substrateA simple,reconfig-
urablelogic block in the form of anintegratedcircuit is recognizedasa straightforvard mechanism
for enhancingsystemtestability andflexibility. The introductionof batchfabricationtechnologyin
the 19605 introducedlimited feasibility for mappingthesefunctionsto regular arraysof logic cells
implementedasintegratedcircuits. Thesestructurescalledcellular arrays, typically consistedof a
fixedinterconnectiorof cellularelementof alimited logical variety While agreatdealof theoretical
researctlwasdonein determiningcell parametersuchascell size,interconnectandlogic mapping,
integratedcircuit technologywasnot yet advancedenoughto supporttheseideas.

Interestin logical arraysof cellularelementsvasrenaved with theintroductionof thefirst field-
programmablgatearray(FPGA)in 1986[26]. To thispointin time, FPGAshave mosttypically been
usedasreconfigurableé'glue” logic chipsin digital systems.Only recentlyhave thesedevicesbeen
recognizecascomputatiorelements.
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Figurel: Typical CellularArray Structures

The goal of this paperis to constrastellular array architecturesand implementationsrom the
19605 andearly 19705 with FPGA architecture®f todayandindicatepotentialfuture directionsof
FPGA developmentbasedn parton prior work donewith cellulararrays. It will be seenthatwhile
technologyhaschangeddramaticallyin the pastthirty years,someof the featureshat madecellular
arraysattractve arethesameonesthatfuel interestn todays reprogrammabligic devices. After the
issuenf reconfigurabldogic have beenexamined,a proposalfor a potentialintegratedsystembased
onthislogic will bepresented.

2 Background

The largestmotivating factorbehindcellular array developmentin the 19605 wasa desireto reduce
circuit costsandincreasechip testability by increasingthe amountof availablelogic per chip when
comparedo discreteMSI solutions[8]. Ratherthanpartitioninga waferinto discretdogic packages,
the goalwasto locatea numberof diesin a singleintegratedpackage.

As seenin Figure 1, mostcellular arraysconsistedof eithera one-dimensionatascadeor two-
dimensionameshof discretdogic cells. Arraysof cellsconsistingof severallogic gatesandperhaps
a storageclementwereclassifiedasmicrocellulararrays[8] while arrayswith cells of large numbers
of gateg(typically morethanfive) wereknown asmacrocellulaarrays.This reportfocuseprimarily
on microcellulararraysdueto their similarity to mary contemporaryeprogrammablarchitectures.
Two-inputcell Maitra cascadefl2] andvariants[6] are examplesof one-dimensiondinear cellular
arrays.Thesecascadesupportediecompositiorof switchingfunctionsto cellsof oneof six possible
functionsof two inputvariablessuchasand,or, andxor. Cascadewith two intercellleadswerefound



to implementevery switchingfunction at a worst casegrowth rateof O(n2™), wheren is the number
of inputvariables.

Linear cascadesf fixed cell typescould be alignedvertically to form a two-dimensionamesh.
Theresultof eachverticalcascadeouldbesummedogethetin eithersum-of-product$l1], product-
of-sums[20], or Reed-Mullerform [13] to generatea final result. Virtually all arraysandcascades
usedunidirectionallogic flow (e.gtop to bottomor left to right). Outputsalongthe bottomandleft
edgeof thearraycouldbeusedasfeedbacknputsfor synchronousrraysor asinputsfor neighboring
arrays.Althoughlogic minimizationtechniquesould be appliedto somefunctionsmappedo these
arraystyles[14], arraygrowth ratesof atleastO(2"), wheren is the numberof input variableswere
foundin thesetypesof arraystructures.

Most researctin cellular arrayswas aimedtoward determiningefficient cell sizes,interconnec-
tion, andmappingheuristics.Not only weretheseparametergonstrainedy theoreticallimits, they
werealsoconstrainedy technologicalimitations of the period. This may explain atendenyg toward
very fine grain cell structures.Only a handfulof designswereactuallyimplementedn silicon [11],
[8]. Someof thesearchitecturesisedmechanicabwitchesor light controlledphotocellsto program
interconnectionbetweercellsor thefunctionof the cellsthemseles.

Specializedconfigurationsof reprogrammabléogic were recognizedas appropriatefor certain
typesof applications.For example,a programmablearrayof elementsvasconstructedor sortinga
setof binary numberg15] anddeterminingthresholdvaluesof input sequencefl6]. Someformsof
content-addressedemorymay alsobe consideredpecializedarraysof reconfigurablesells.

In mary respectzellular arraysmay be consideredhe steppingstonefor moderntechnologies
otherthan FPGAssuchasprogrammabldogic arrays(PLAS), systolicarrays[24], andcellular pro-
cessorgor specialpurposeapplications.

ContemporarfFPGAsarelogic devices capableof holding thousand®f mappedgatesof logic.
Like cellulararrays,FPGAsarecharacterizedhy discretelogic cellsembeddedn aninterconnection
structure.Look-uptable(LUT) basedFPGAs[26] have cellswhich containuniversallogic functions
of anumberof inputsthatproducea singleoutput. Look-uptablesaretypically configuredoy SRAM
storageloadedwhenpower is appliedto the device. Otherprogrammablealevices containintercon-
nectedblocksof and-orlogic.

While cellular arraysand FPGAsare similar in naturein mary respectshereare somedistinct
differencesn designandstructure.Thefollowing sectionssxaminesomeof theassumptionsnadeby
cellulararrayresearchers the 19605 and evaluateshemfrom a historical perspectie. Whereap-
propriate,comparisonsvill be madeto contemporarf-PGAarchitectureskFor eachissue,comments
will bemadeasto possiblefutureresearchdirectionsasFPGAarchitecturegvolve.

3 Interconnection and Logic Mapping

Someassumptionsadeby cellulararraydesignergsrenotconsistentwith todays view of technology
ContemporanfPGA interconnectiorstructuresdiffer from mostcellular array counterpartsn that
FPGAinterconnects generallyprogrammablevhile cellular arrayinterconnectwasprimarily fixed.
Dueto technologicakonstraintsyirtually all cellulararraysusedpoint-to-pointnearest-neighban-

terconnecfusuallyunidirectionalwhile mostFPGAsmix anassortmentf localinterconnecbetween
neighboringcellsandglobalbusseghatinterconnectellssomedistanceaway. In fact,onecouldclaim

thatthe largestdifferencebetweercellulararraydesignerand FPGA designerss thatwhile cellular
arraydesignersvereconcernedvith optimizingthefunctionalityof cellsto reducdogic within afixed
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Figure2: CobwebCellular Array Interconnect

interconnectiorstructure, FPGA designersare concernedvith optimizing the cell structureitself to
reduceroutinginterconnection.

Dueto advancementi logic minimizationmethodsandVLSI technologyit is not suprisingthat
mostcellulararrayarchitecturesrenot scalableby todays standardsWhile linear cascadesf two-
inputelementsareinterestingrom atheoreticalpoint of view, it would male little senseo implement
themin todays technology Structuresuchashorizontalarraysof mintermswerechoserfrom aease
of implementatiorstandpointratherthanary theoreticakationale.Although suchanimplementation
grows at O(n2™) with respecto the numberof input variables,t waseasyto implementin a regular
array

While the circuitimplementatiorof logic is largely dependendn the natureof thelogic to beim-
plementedsomegeneralizationsanbemade.Many cellulararraymappingsantodayberecognized
asmappingf theresultsof two-level logic minimizationtechnique$27]. Suchresultsareclassified
astwo-level logic becausdhey canbe rearrangednto a form equialentto sum-of-productformat
(eg. ab+cdf+ac).While this type of representations generallyefficient for a smallnumbersof input
variableg(j 10) largerinput countscanleadto areainefficiency.

While nearest-neighbarnly cell interconnectvaseasyto implement;t did leadto large numbers
of cells beingusedas pass-throughnterconnecthuswastinglogic area. Early researchn cellular
arraysshaved that addingadditionalrouting capacityto nearest-neighbdnterconnectould reduce
cell count. Minnick [7] shaved thatnearesnheighborarraycell countscould be reducedoy 30% by
augmentingecells with connectiongo neighborsand addinghorizontalbussesasshawvn in Figure 2.
While addingadditionallines reducedcell count,it also madethe problemof mappinglogic to the
arrayuntenablevithout manualintervention.
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The methodof implementatiordescribedcabore breaksdown for large circuits with mary inputs.
As seenin Figure 3, comple functionscould be decomposedhto lesscomplicatedswitchingfunc-
tions in neighboringarray “tiles” [5]. Due to the unidirectionalnatureof signalflow in the array
this techniquecouldleave large portionsof the arrayunused.Somedesignersuggestedeedingsyn-
chronousarray outputsbackinto the array[11] alongarray edgesalthoughthis techniques clearly
notscalable.

The mappingtechniquesusedfor large cellular arraysare ineffiecint dueto propertiesof logic
locality. Minimal representationsf logic circuits cantypically be representedby tree-like clumps
of logic ratherthanfixed uni-directionalgrids. While small circuits have enoughlocality to fit effi-
ciently into suchrepresentationdarger circuit representationbecomemore sparseand necessitate
moreinterconnectiomesources$o connecto neighboringogical bundles.Thus,by allowing a choice
betweerlocalizedandmoreglobalinterconnecEPGAscanrepresentogic moreefficiently.

Themappingof logic to afixedcellulararrayinterconnectioris in directcontrasto logic mapping
in today’s programmablé&-PGAarchitecturesA typical exampleof aninterconnectiorof cellsfor an
FPGA s shavn in Figure4. Eachcell may consistone or more look-up tablesand an associated
D flip flop. Eachcell outputmay be connectedo signalsexisting betweennearestneighborsand



Figure5: Decomposed.ogic Tree

a variety of global bussesinterconnectingdistantcells. This satisfiesthe needfor both local and
globalinterconnect. Typically, todays architectureseparatehe translationof logic to discretecell
arraysinto threestages:the mappingof logic to cells, the placementof cellsin the array andthe
routingof interconnectiorbetweerthe cells. Switchingfunctionsarefirst decomposethto “trees” of
logic (Figure5). Treeswith appropriatenumbersof inputsmay be mappedo a look-uptable. This
techniquereferredio asmulti-level logic minimization,typically createsareducedyatecountversion
of the circuit whencomparedo two-level implementationsFor look-up table basedarchitecturea
mappingis madeto cover all sub-treesontainingtheappropriatenumberof inputsandoutputs.Once
logic hasbeenmappedo blocks,algorithmssuchassimulatedannealingareusedto find a placement
requiringminimal routing. Routingof theinterconnectiometwork is performedasafinal step.

Recentesearchl0] hasshavn thattheuseof veryfine-grainectell sizes suchasthoseconsisting
of oneor two gates,are actually poor choicesfor reducingchip areaand delayin reprogrammable
devicestamgettedtowardrandomtypesof logic (non-pipelinedetc). Thisis dueto anincreasechumber
of cellsnecessarto implementogic andtheirassociatethtermediateoutingresourceskor example,
afour input look-uptableis consideredo be equivalentto approximatelyl00NAND gatesof logic.
Thusthe NAND cell would have to be morethan 100 timessmallerin areathanthe SRAM-based
look-uptableto overcomethis inefficiency andmalke up for additionalrequiredrouting betweerthe
gates.Additional routingwires addmore capacitancéo the connectionghusaddingto circuit delay
In this casesmallscalelocality canbe usedasa benefitto clumpassociateaircuitry together

It is interestingo notethatsomenon-reprogrammablePGAarchitecturesave cell structureghat
implementtwo-level logic in the form of a sum-of-producplanewith a moderatenumberof inputs
[4]. Thistype of structuretakesadvantageof thelocality of limited two-level implementationsvhile
allowing the building of larger structuregshrougha moregeneral-purposmterconnectiorarray

Much of the future of reconfigurabldogic dependwn the improvementof high level synthesis
tools for mappinglogic. Work in the areaof compiling hardware descriptionlanguage$asenjoyed
moderatesuccesslthougha numberof improvementsemain.Ratherthanproviding minimizationat
alow level, the compilationof highlevel structurego reconfigurablelevicesshouldprovide for iden-
tification of recognizablecircuit constructsn high-level form andsubsequentlynaptheseconstructs
to previously optimizedversionsof the structurecreatedor a specifictargetdevice. This higherlevel



view is analagou$o a softwarecompilergeneratingpptimizedcodefor a specificconstrucin a high-
level languageThis techniquecreatesstructuresalreadyoptimizedfor a specificarchitectureandcan
be usedto reducethe needfor additionallogic resourcegndrouting overhead.

Structuresamenabldo direct compilationinclude adders countersand comparators Hardware
compilerssuchasSynopsyg3] arejust beginningto uselibrariesof optimizedstructuresappropriate
underdifferenttiming andlogic areaconsideration.

FPGA devices usingonly local communicatiorhave beendesignedwith mixed resultsin terms
of logic mappingefficiengy [21] indicatingthatat leastsomenon-nearesheighborinterconnections
advantageousHigh-level recognitionof specificfunctional structuresmay leadto the embeddingpf
special-purposéunctional blockswithin the cellularinterconnectiorstructure. The costof placing
theseblocksasnon-reconfigurabléogic shouldbe balancedwith their overall usefulnesgrom a sys-
temperspectie. For example,the embeddingof a full adderthatis smallerandfasterthananadder
implementationn cellularblocksis notefficientif it is rarelyused.

4 Tesability

Oneof the largestmotivating factorsin the developmentof cellular arrayswasa desireto overcome
batchfabricationdefectsby configuringarounddamagedells on a silicon substrateLogic mapping
softwarecould beinformedof silicon waferdefectsandmaplogic to unafectedcells[8].

Proposalg17] for addingadditionallogic to cellsto allow for in-circuit testabilitycompensated
for frequentchip failures. IC test capabilitieshave progressedo the point that test patternsof all
possibleSRAM-based=PGA configurationscanbe generatedollowing FPGA manugcturewithout
theneedfor specialcircuitry in cells[22]. It is currentlymorecosteffective to discardfaulty diesand
chipsratherthansellingthe partswith softwareto configurearounderrors.As reconfigurablalevices
becomemorecomple andcostly to produceit may make senseo reirvestigatethis option. Before
programminghe usercould usesoftwareto analyzethe device for faults. Device functionality could
thenconfigurethedevice to ignorenon-functionakellsandinterconnectvhile allowing theremaining
functionalcellsto be usedto the bestpossiblecapacity

AlthoughsomeFPGAsallow for limited testability of devicesthroughhardware supportsuchas
JTAG boundaryscan,no currentdevices containspecialcircuitry for in-circuit testof all cells. It
seemaunlikely atthistime thatthereis needfor portionsof areconfigurablalevice to checkotherthe
viability of neighboringcells. Upondetectionof a chip failure externalto the chip, atestof theentire
chip contentsshouldbe madeinstead.

5 Programmability

Suprisingly eventhoughthe technologysupportingcellular arrayshaschangedadically in the past
thirty years,mostof thetechniquegor programminghe deviceshave stayedhe same.

The techniqueMaitra [12] proposedof usinga final layer of metalizationfor programmingthe
functionality of cellsis directly analagouso mask-programmablgatearray(MPGA) techniquesup-
portedtoday[22]. While MPGA designersselectan interconnectiorpatternfor a fixed setof gates,
cellularcascadelesignersouldselecta cell functionfor afixedinterconnectell interconnect.

In an alternateapproachgcutpointcellularlogic [11] wasprogrammedy passinga largerthan-
normalcurrentthroughconfigurationfusesin eachcell throughexternalconnections.This is practi-



cally thesamemethodusedby Actel for programmingliscreteanti-fuseghatconfigurecell function-
ality [1].

Severalcellulararraydesignerproposedaprogrammindarm” techniqudor configuringdevices.
Thismechanisninvolvespassingnformationfrom asourceexternalto thechipthroughcellsthathave
alreadybeenprogrammedo unprogrammedells. [23] [17]. Essentially eachcell in the arraywas
initially configuredo setaloadpathto its neighboronwhich configurationdatacould pass After the
lastcell in thearrayhadbeenconfiguredthe“arm” couldberetractedeaving cellsprogrammedvith
its final functionality This wasalsoconsideredan effective way to testcell functionality androute
aroundit if necessaryA similar approactsuggestedn [18] andusedby Xilinx andotherstodayis
the formationof a dedicatedshift chainof configurationbits for all cellular storageelements.This
approachhasthedravbackof requiringlogic to bereconfiguredsimultaneously

For thefuture onecouldconsidethaving multiple storagebits associateavith eachprogrammable
location. Whenan externalstimulusis appliedall or partof the configurationis switchedto the alter
nateone.Additionally, it shouldbepossibleto reconfigurea portionof thedevice withoutaffectingthe
remainingconfiguration. This might be doneby treatinggroupsof configurationbits asaddressable
byte memorylocationsaccessiblérom outsidethe chip.

6 FPGA Computational Extensions

Recently reconfigurabldogic hasbeenrecognizedasbeingusefulnot only ascombinationalglue”
logic in digital systemsbut alsoascomputationatlementsn their own right. Justasspecialpurpose
cellular array systemdgfor sortingand arithmeticwere proposedn the 19605, a numberof special
purposesystemdor performingtaskssuchasrecognizinggeneticpatterng9] have beendevelopedas
specialpurposecoprocessorir microprocessoervironmentg19]. Virtually all of thesesystemge-
guiretheuserto handdevelopalgorithmsin eitherhardwaredescriptionlanguagesr usingschematic
captureprograms.

Beforereconfigurabldnardwarecanbewidely usedin microprocesosystemsagreatdealof work
mustbe doneto develop bettersoftware support. Note the microprocessosystemshavn in Figure
6. Systemperformancanight be acceleratedby the developmentof softwareto configurea special
purposecoprocessoto performtasksfrequentlyperformedin softwareandcostlyto implementon a
microprocessorThesetasksmay be identified by a software profiler with a group of instructionsin
theinstructionstreamreplacedby a bus accesgo the reconfigurabléhardware configuredto perform
the samefunctionality

Consider for example,a microprocessosystemwithout ary specialpurposecoprocessorghat
occasionallyis requiredto performspecialpurposeoperationsuchassignalprocessingpplications.
A configurationcompilercouldbe usedto identify tasksin sequentiatodethatrequirelong computa-
tion time on a sequentiaprocessoandthengenerate configuratiorfor theassociatedeconfigurable
hardwareto performthetaskinstead.This requireshe compilerto performthefollowing steps:

1. Searchthroughcodeattemptingto identify sectionsthat are performedfrequentlyand exhibit
parallelismthatmaybeacceleratetby reconfigurabldardware.

2. Transformtheselectedsoftwarecodeinto areconfigurabldénardwareconfiguratiorthatperforms
thedesiredask.

3. Replaceheappropriatdinesof codein the programwith a call to thereconfigurabldardware.
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Of the taskslisted above, item 2 is by far the hardest. Certaintypesof taskssuchas pipelined
systolicoperationsarerelatively straightforvard to implementasa sequencef operationson recon-
figurablehardware while operationssuchasloops may requirethe additionof extra controllogic to
coordinatedataflow. It is possibleto implementa sequenc®f operationsn mary differentwaysin
reconfigurabldogic. Onecouldconsidercreatingasmallmicrocodedenginewith functionalunitsand
acontrolunit morecloselyresemblinga processoarchitectureor, alternatvely, onecouldimplement
anoperationasalinearsequencef functionswith lesscontroloverhead.

Choicesare further blurred by the capability to tradefunction evaluationtime for spaceinside
reconfigurabledevices. For example,arithmeticoperationsnside reconfigurablehardware may be
serializedo usefewer functionalresourcesut requiregreatercomputatiortime.

Theuseof reconfigurabldogic for computatiorwill be greatlyenhancedvith theintroductionof
devicescontainingmultiple configurationbits for eachconfigurablepointin the device. This feature
will allow aprocessoto generateseseralconfigurationgo accelerateomputatiorandselectbetween
themrapidly asthey areneededy the software.

7 Conclusion

Sincethe introductionof integratedcircuits, engineerdiave searchedor waysto implementanduse
reconfigurabléogic. While initial efforts focusedprimarily on the developmentof hardwaretechnol-
ogy, morerecentefforts have focusednimproving softwaretechnique$or mappinglogic to reconfig-
urabledevices.While hardwarefeaturesof reconfigurabldogic suchasgrainsizeandinterconnection
structurehave remainedfairly stablefor the pastten years,software techniquesof mappingto this

logic have changedadicallyandwill continueto doso.

As software techniquesmprove reconfigurabledevices will becomemore viable resourcedor
specialpurposecomputation. While today designersnusthandcodeand optimize specialpurpose
operationgamgettedfor reconfigurablehardware, it is possibleto ervision a sophisticateccompiler
performinga similiar task. As outlinedin this paper it is clearthatmary tradeofs exist in the con-
structionof suchatool.
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