
ProgrammableCellularLogic:
Past,Present,andFuture

RussellTessier
�

Laboratoryfor ComputerScience
MassachusettsInstituteof Technology

Cambridge,Massachusetts02139

September10,1994

Abstract

In recentyearstherehasbeenrenewed interestin the useof flexible arraysof fine-grained
computationalelementsto performlogical functions.This interesthasbeensparkedby thetech-
nologicaladvancementof very large-scaleintegratedcircuits in the form of field-programmable
gatearrays(FPGAs). Although logic mappingto regulararraysof gatesin integratedchip form
hasonly beenpracticalfor thepasttenyearsor so,a numberof reconfigurablearchitectureswere
designedandanalyzedduringthe1960’sandearly1970’s.

Thispapermakesahistoricalanalysisof thesestructuresanddiscusseschangesin technology
andarchitecturaltrendsasthey pertainto cellulararrayssincethe1960’s. Direct comparisonsof
variouscellular arrayarchitecturalfeatureswith contemporaryprogrammablelogic featuresare
madeaswell asananalysisof potentialfuturedirectionsfor FPGAdevelopmentbasedin parton
knowledgegainedfrom thestudyof cellulararrays.

1 Introduction

Sincetheinceptionof integratedcircuit technologyin the late1950’s therehasbeeninterestin map-
ping reconfigurableimplementationsof switchingfunctionsto asiliconsubstrate.A simple,reconfig-
urablelogic block in the form of an integratedcircuit is recognizedasa straightforward mechanism
for enhancingsystemtestabilityandflexibility. The introductionof batchfabricationtechnologyin
the 1960’s introducedlimited feasibility for mappingthesefunctionsto regular arraysof logic cells
implementedasintegratedcircuits. Thesestructures,calledcellular arrays, typically consistedof a
fixedinterconnectionof cellularelementsof a limited logicalvariety. While agreatdealof theoretical
researchwasdonein determiningcell parameterssuchascell size,interconnect,andlogic mapping,
integratedcircuit technologywasnot yet advancedenoughto supporttheseideas.

Interestin logical arraysof cellularelementswasrenewedwith the introductionof thefirst field-
programmablegatearray(FPGA)in 1986[26]. To thispoint in time,FPGAshavemosttypically been
usedasreconfigurable“glue” logic chipsin digital systems.Only recentlyhave thesedevicesbeen
recognizedascomputationelements.
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Figure1: TypicalCellularArray Structures

The goal of this paperis to constrastcellular arrayarchitecturesandimplementationsfrom the
1960’s andearly1970’s with FPGAarchitecturesof todayandindicatepotentialfuturedirectionsof
FPGAdevelopmentbasedin parton prior work donewith cellulararrays. It will beseenthatwhile
technologyhaschangeddramaticallyin thepastthirty years,someof thefeaturesthatmadecellular
arraysattractivearethesameonesthatfuel interestin today’s reprogrammablelogic devices.After the
issuesof reconfigurablelogic have beenexamined,a proposalfor a potentialintegratedsystembased
on this logic will bepresented.

2 Background

The largestmotivating factorbehindcellulararraydevelopmentin the1960’s wasa desireto reduce
circuit costsandincreasechip testabilityby increasingthe amountof availablelogic per chip when
comparedto discreteMSI solutions[8]. Ratherthanpartitioningawaferinto discretelogic packages,
thegoalwasto locateanumberof diesin asingleintegratedpackage.

As seenin Figure1, mostcellular arraysconsistedof eithera one-dimensionalcascadeor two-
dimensionalmeshof discretelogic cells.Arraysof cellsconsistingof several logic gatesandperhaps
a storageelementwereclassifiedasmicrocellulararrays[8] while arrayswith cellsof largenumbers
of gates(typically morethanfive) wereknown asmacrocellulararrays.This reportfocusesprimarily
on microcellulararraysdueto their similarity to many contemporaryreprogrammablearchitectures.
Two-inputcell Maitra cascades[12] andvariants[6] areexamplesof one-dimensionallinearcellular
arrays.Thesecascadessupporteddecompositionof switchingfunctionsto cellsof oneof six possible
functionsof two inputvariablessuchasand,or, andxor. Cascadeswith two intercellleadswerefound

2



to implementevery switchingfunctionat a worstcasegrowth rateof O(n�	� ), wheren is thenumber
of input variables.

Linear cascadesof fixed cell typescould be alignedvertically to form a two-dimensionalmesh.
Theresultof eachverticalcascadecouldbesummedtogetherin eithersum-of-products[11], product-
of-sums[20], or Reed-Mullerform [13] to generatea final result. Virtually all arraysandcascades
usedunidirectionallogic flow (e.g top to bottomor left to right). Outputsalongthebottomandleft
edgeof thearraycouldbeusedasfeedbackinputsfor synchronousarraysor asinputsfor neighboring
arrays.Althoughlogic minimizationtechniquescouldbeappliedto somefunctionsmappedto these
arraystyles[14], arraygrowth ratesof at leastO(� � ), wheren is thenumberof input variables,were
foundin thesetypesof arraystructures.

Most researchin cellular arrayswasaimedtoward determiningefficient cell sizes,interconnec-
tion, andmappingheuristics.Not only weretheseparametersconstrainedby theoreticallimits, they
werealsoconstrainedby technologicallimitationsof theperiod.This mayexplain a tendency toward
very fine graincell structures.Only a handfulof designswereactuallyimplementedin silicon [11],
[8]. Someof thesearchitecturesusedmechanicalswitchesor light controlledphotocellsto program
interconnectionsbetweencellsor thefunctionof thecellsthemselves.

Specializedconfigurationsof reprogrammablelogic were recognizedas appropriatefor certain
typesof applications.For example,a programmablearrayof elementswasconstructedfor sortinga
setof binarynumbers[15] anddeterminingthresholdvaluesof input sequences[16]. Someformsof
content-addressedmemorymayalsobeconsideredspecializedarraysof reconfigurablecells.

In many respectscellular arraysmay be consideredthe steppingstonefor moderntechnologies
otherthanFPGAssuchasprogrammablelogic arrays(PLAs), systolicarrays[24], andcellularpro-
cessorsfor specialpurposeapplications.

ContemporaryFPGAsarelogic devicescapableof holding thousandsof mappedgatesof logic.
Like cellulararrays,FPGAsarecharacterizedby discretelogic cellsembeddedin aninterconnection
structure.Look-uptable(LUT) basedFPGAs[26] have cellswhich containuniversallogic functions
of anumberof inputsthatproduceasingleoutput.Look-uptablesaretypically configuredby SRAM
storageloadedwhenpower is appliedto the device. Otherprogrammabledevicescontainintercon-
nectedblocksof and-orlogic.

While cellular arraysandFPGAsaresimilar in naturein many respectstherearesomedistinct
differencesin designandstructure.Thefollowing sectionsexaminesomeof theassumptionsmadeby
cellulararrayresearchersin the1960’s andevaluatesthemfrom a historicalperspective. Whereap-
propriate,comparisonswill bemadeto contemporaryFPGAarchitectures.For eachissue,comments
will bemadeasto possiblefutureresearchdirectionsasFPGAarchitecturesevolve.

3 Interconnection and Logic Mapping

Someassumptionsmadeby cellulararraydesignersarenotconsistentwith today’sview of technology.
ContemporaryFPGA interconnectionstructuresdiffer from mostcellular arraycounterpartsin that
FPGAinterconnectis generallyprogrammablewhile cellulararrayinterconnectwasprimarily fixed.
Dueto technologicalconstraints,virtually all cellulararraysusedpoint-to-pointnearest-neighborin-
terconnect(usuallyunidirectional)while mostFPGAsmix anassortmentof localinterconnectbetween
neighboringcellsandglobalbussesthatinterconnectcellssomedistanceaway. In fact,onecouldclaim
that the largestdifferencebetweencellulararraydesignersandFPGAdesignersis thatwhile cellular
arraydesignerswereconcernedwith optimizingthefunctionalityof cellsto reducelogic within afixed
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Figure2: CobwebCellularArray Interconnect

interconnectionstructure,FPGA designersareconcernedwith optimizing the cell structureitself to
reduceroutinginterconnection.

Dueto advancementsin logic minimizationmethodsandVLSI technologyit is not suprisingthat
mostcellulararrayarchitecturesarenot scalableby today’s standards.While linearcascadesof two-
inputelementsareinterestingfrom atheoreticalpointof view, it wouldmake little senseto implement
themin today’s technology. Structuressuchashorizontalarraysof mintermswerechosenfrom aease
of implementationstandpointratherthanany theoreticalrationale.Althoughsuchanimplementation
grows at O(n
	� ) with respectto thenumberof input variables,it waseasyto implementin a regular
array.

While thecircuit implementationof logic is largely dependenton thenatureof thelogic to beim-
plemented,somegeneralizationscanbemade.Many cellulararraymappingscantodayberecognized
asmappingsof theresultsof two-level logic minimizationtechniques[27]. Suchresultsareclassified
astwo-level logic becausethey canbe rearrangedinto a form equivalent to sum-of-productsformat
(eg. ab+cdf+ac).While this typeof representationis generallyefficient for a smallnumbersof input
variables(¡ 10) largerinput countscanleadto areainefficiency.

While nearest-neighboronly cell interconnectwaseasyto implement,it did leadto largenumbers
of cells beingusedaspass-throughinterconnectthuswastinglogic area. Early researchin cellular
arraysshowed thataddingadditionalrouting capacityto nearest-neighborinterconnectcould reduce
cell count. Minnick [7] showed thatnearestneighborarraycell countscould bereducedby 30%by
augmentingcells with connectionsto neighborsandaddinghorizontalbussesasshown in Figure2.
While addingadditionallines reducedcell count, it alsomadethe problemof mappinglogic to the
arrayuntenablewithoutmanualintervention.
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Themethodof implementationdescribedabove breaksdown for largecircuitswith many inputs.
As seenin Figure3, complex functionscould be decomposedinto lesscomplicatedswitchingfunc-
tions in neighboringarray “tiles” [5]. Due to the unidirectionalnatureof signal flow in the array
this techniquecouldleave largeportionsof thearrayunused.Somedesignerssuggestedfeedingsyn-
chronousarrayoutputsbackinto the array[11] alongarrayedgesalthoughthis techniqueis clearly
not scalable.

The mappingtechniquesusedfor large cellular arraysare ineffiecint due to propertiesof logic
locality. Minimal representationsof logic circuits can typically be representedby tree-like clumps
of logic ratherthanfixed uni-directionalgrids. While small circuits have enoughlocality to fit effi-
ciently into suchrepresentations,larger circuit representationsbecomemoresparseandnecessitate
moreinterconnectionresourcesto connectto neighboringlogicalbundles.Thus,by allowing achoice
betweenlocalizedandmoreglobalinterconnectFPGAscanrepresentlogic moreefficiently.

Themappingof logic to afixedcellulararrayinterconnectionis in directcontrastto logic mapping
in today’s programmableFPGAarchitectures.A typicalexampleof aninterconnectionof cellsfor an
FPGA is shown in Figure4. Eachcell may consistoneor more look-up tablesandan associated
D flip flop. Eachcell outputmay be connectedto signalsexisting betweennearestneighborsand
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a variety of global bussesinterconnectingdistantcells. This satisfiesthe needfor both local and
global interconnect.Typically, today’s architecturesseparatethe translationof logic to discretecell
arraysinto threestages:the mappingof logic to cells, the placementof cells in the array, and the
routingof interconnectionbetweenthecells.Switchingfunctionsarefirst decomposedinto “trees”of
logic (Figure5). Treeswith appropriatenumbersof inputsmaybemappedto a look-up table. This
technique,referredto asmulti-level logic minimization,typically createsareducedgatecountversion
of thecircuit whencomparedto two-level implementations.For look-up tablebasedarchitecturesa
mappingis madeto coverall sub-treescontainingtheappropriatenumberof inputsandoutputs.Once
logic hasbeenmappedto blocks,algorithmssuchassimulatedannealingareusedto find aplacement
requiringminimal routing.Routingof theinterconnectionnetwork is performedasafinal step.

Recentresearch[10] hasshown thattheuseof veryfine-grainedcell sizes,suchasthoseconsisting
of oneor two gates,areactuallypoor choicesfor reducingchip areaanddelay in reprogrammable
devicestargettedtowardrandomtypesof logic (non-pipelined,etc).Thisisduetoanincreasednumber
of cellsnecessaryto implementlogic andtheirassociatedintermediateroutingresources.Forexample,
a four input look-uptableis consideredto beequivalentto approximately100NAND gatesof logic.
Thus the NAND cell would have to be more than100 timessmallerin areathanthe SRAM-based
look-up tableto overcomethis inefficiency andmake up for additionalrequiredroutingbetweenthe
gates.Additional routingwiresaddmorecapacitanceto theconnectionsthusaddingto circuit delay.
In this casesmallscalelocality canbeusedasabenefitto clumpassociatedcircuitry together.

It is interestingto notethatsomenon-reprogrammableFPGAarchitectureshavecell structuresthat
implementtwo-level logic in the form of a sum-of-productplanewith a moderatenumberof inputs
[4]. This typeof structuretakesadvantageof thelocality of limited two-level implementationswhile
allowing thebuilding of largerstructuresthroughamoregeneral-purposeinterconnectionarray.

Much of the future of reconfigurablelogic dependson the improvementof high level synthesis
tools for mappinglogic. Work in theareaof compilinghardwaredescriptionlanguageshasenjoyed
moderatesuccessalthoughanumberof improvementsremain.Ratherthanproviding minimizationat
a low level, thecompilationof high level structuresto reconfigurabledevicesshouldprovide for iden-
tification of recognizablecircuit constructsin high-level form andsubsequentlymaptheseconstructs
to previously optimizedversionsof thestructurecreatedfor aspecifictargetdevice. Thishigher-level
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view is analagousto asoftwarecompilergeneratingoptimizedcodefor a specificconstructin ahigh-
level language.This techniquecreatesstructuresalreadyoptimizedfor aspecificarchitectureandcan
beusedto reducetheneedfor additionallogic resourcesandroutingoverhead.

Structuresamenableto direct compilationincludeadders,counters,andcomparators.Hardware
compilerssuchasSynopsys[3] arejust beginningto uselibrariesof optimizedstructuresappropriate
underdifferenttiming andlogic areaconsideration.

FPGA devicesusingonly local communicationhave beendesignedwith mixed resultsin terms
of logic mappingefficiency [21] indicatingthatat leastsomenon-nearestneighborinterconnectionis
advantageous.High-level recognitionof specificfunctionalstructuresmay leadto theembeddingof
special-purposefunctionalblockswithin the cellular interconnectionstructure. The costof placing
theseblocksasnon-reconfigurablelogic shouldbebalancedwith their overall usefulnessfrom a sys-
temperspective. For example,theembeddingof a full adderthat is smallerandfasterthananadder
implementationin cellularblocksis notefficient if it is rarelyused.

4 Testability

Oneof the largestmotivating factorsin thedevelopmentof cellulararrayswasa desireto overcome
batchfabricationdefectsby configuringarounddamagedcellson a silicon substrate.Logic mapping
softwarecouldbeinformedof siliconwaferdefectsandmaplogic to unaffectedcells[8].

Proposals[17] for addingadditionallogic to cells to allow for in-circuit testabilitycompensated
for frequentchip failures. IC test capabilitieshave progressedto the point that testpatternsof all
possibleSRAM-basedFPGAconfigurationscanbegeneratedfollowing FPGAmanufacturewithout
theneedfor specialcircuitry in cells[22]. It is currentlymorecosteffective to discardfaulty diesand
chipsratherthansellingthepartswith softwareto configurearounderrors.As reconfigurabledevices
becomemorecomplex andcostly to produceit may make senseto reinvestigatethis option. Before
programmingtheusercouldusesoftwareto analyzethedevice for faults.Device functionalitycould
thenconfigurethedeviceto ignorenon-functionalcellsandinterconnectwhile allowing theremaining
functionalcellsto beusedto thebestpossiblecapacity.

AlthoughsomeFPGAsallow for limited testabilityof devicesthroughhardwaresupportsuchas
JTAG boundaryscan,no currentdevices containspecialcircuitry for in-circuit testof all cells. It
seemsunlikely at this time thatthereis needfor portionsof a reconfigurabledevice to checkotherthe
viability of neighboringcells.Upondetectionof achip failureexternalto thechip,a testof theentire
chipcontentsshouldbemadeinstead.

5 Programmability

Suprisingly, even thoughthe technologysupportingcellular arrayshaschangedradically in thepast
thirty years,mostof thetechniquesfor programmingthedeviceshave stayedthesame.

The techniqueMaitra [12] proposedof usinga final layer of metalizationfor programmingthe
functionalityof cellsis directlyanalagousto mask-programmablegatearray(MPGA) techniquessup-
portedtoday[22]. While MPGA designersselectan interconnectionpatternfor a fixedsetof gates,
cellularcascadedesignerscouldselectacell functionfor afixedinterconnectcell interconnect.

In an alternateapproach,cutpointcellular logic [11] wasprogrammedby passinga larger-than-
normalcurrentthroughconfigurationfusesin eachcell throughexternalconnections.This is practi-
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cally thesamemethodusedby Actel for programmingdiscreteanti-fusesthatconfigurecell function-
ality [1].

Severalcellulararraydesignersproposedaprogramming“arm” techniquefor configuringdevices.
Thismechanisminvolvespassinginformationfrom asourceexternalto thechipthroughcellsthathave
alreadybeenprogrammedto unprogrammedcells. [23] [17]. Essentially, eachcell in thearraywas
initially configuredto seta loadpathto its neighboronwhichconfigurationdatacouldpass.After the
lastcell in thearrayhadbeenconfigured,the“arm” couldberetractedleaving cellsprogrammedwith
its final functionality. This wasalsoconsideredan effective way to testcell functionality androute
aroundit if necessary. A similar approachsuggestedin [18] andusedby Xilinx andotherstodayis
the formationof a dedicatedshift chainof configurationbits for all cellular storageelements.This
approachhasthedrawbackof requiringlogic to bereconfiguredsimultaneously.

For thefutureonecouldconsiderhaving multiplestoragebitsassociatedwith eachprogrammable
location.Whenanexternalstimulusis appliedall or partof theconfigurationis switchedto thealter-
nateone.Additionally, it shouldbepossibleto reconfigureaportionof thedevicewithoutaffectingthe
remainingconfiguration.This might bedoneby treatinggroupsof configurationbits asaddressable
bytememorylocationsaccessiblefrom outsidethechip.

6 FPGA Computational Extensions

Recently, reconfigurablelogic hasbeenrecognizedasbeingusefulnot only ascombinational“glue”
logic in digital systemsbut alsoascomputationalelementsin their own right. Justasspecialpurpose
cellular arraysystemsfor sortingandarithmeticwereproposedin the 1960’s, a numberof special
purposesystemsfor performingtaskssuchasrecognizinggeneticpatterns[9] havebeendevelopedas
specialpurposecoprocessorsfor microprocessorenvironments[19]. Virtually all of thesesystemsre-
quiretheuserto handdevelopalgorithmsin eitherhardwaredescriptionlanguagesor usingschematic
captureprograms.

Beforereconfigurablehardwarecanbewidely usedin microprocesorsystemsagreatdealof work
mustbe doneto develop bettersoftwaresupport. Note the microprocessorsystemshown in Figure
6. Systemperformancemight be acceleratedby the developmentof softwareto configurea special
purposecoprocessorto performtasksfrequentlyperformedin softwareandcostly to implementon a
microprocessor. Thesetasksmaybe identifiedby a softwareprofiler with a groupof instructionsin
theinstructionstreamreplacedby a busaccessto thereconfigurablehardwareconfiguredto perform
thesamefunctionality.

Consider, for example,a microprocessorsystemwithout any specialpurposecoprocessorsthat
occasionallyis requiredto performspecialpurposeoperationssuchassignalprocessingapplications.
A configurationcompilercouldbeusedto identify tasksin sequentialcodethatrequirelongcomputa-
tion timeonasequentialprocessorandthengenerateaconfigurationfor theassociatedreconfigurable
hardwareto performthetaskinstead.This requiresthecompilerto performthefollowing steps:

1. Searchthroughcodeattemptingto identify sectionsthat areperformedfrequentlyandexhibit
parallelismthatmaybeacceleratedby reconfigurablehardware.

2. Transformtheselectedsoftwarecodeinto areconfigurablehardwareconfigurationthatperforms
thedesiredtask.

3. Replacetheappropriatelinesof codein theprogramwith acall to thereconfigurablehardware.
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Of the taskslisted above, item 2 is by far the hardest.Certaintypesof taskssuchaspipelined
systolicoperationsarerelatively straightforward to implementasa sequenceof operationson recon-
figurablehardwarewhile operationssuchasloopsmay requiretheadditionof extra control logic to
coordinatedataflow. It is possibleto implementa sequenceof operationsin many differentwaysin
reconfigurablelogic. Onecouldconsidercreatingasmallmicrocodedenginewith functionalunitsand
acontrolunit morecloselyresemblingaprocessorarchitectureor, alternatively, onecouldimplement
anoperationasa linearsequenceof functionswith lesscontroloverhead.

Choicesare further blurredby the capability to tradefunction evaluationtime for spaceinside
reconfigurabledevices. For example,arithmeticoperationsinside reconfigurablehardwaremay be
serializedto usefewer functionalresourcesbut requiregreatercomputationtime.

Theuseof reconfigurablelogic for computationwill begreatlyenhancedwith theintroductionof
devicescontainingmultiple configurationbits for eachconfigurablepoint in thedevice. This feature
will allow aprocessorto generateseveralconfigurationsto acceleratecomputationandselectbetween
themrapidlyasthey areneededby thesoftware.

7 Conclusion

Sincethe introductionof integratedcircuits,engineershave searchedfor waysto implementanduse
reconfigurablelogic. While initial efforts focusedprimarily on thedevelopmentof hardwaretechnol-
ogy, morerecenteffortshavefocusedonimproving softwaretechniquesfor mappinglogic to reconfig-
urabledevices.While hardwarefeaturesof reconfigurablelogic suchasgrainsizeandinterconnection
structurehave remainedfairly stablefor the pastten years,software techniquesof mappingto this
logic have changedradicallyandwill continueto doso.

As software techniquesimprove reconfigurabledevices will becomemore viable resourcesfor
specialpurposecomputation.While todaydesignersmusthandcodeandoptimizespecialpurpose
operationstargettedfor reconfigurablehardware, it is possibleto envision a sophisticatedcompiler
performinga similiar task. As outlinedin this paper, it is clearthatmany tradeoffs exist in thecon-
structionof sucha tool.
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