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Summary

SpikingNeuralNetworks(SNNs)representthelatestadvancementinArtificial
NeuralNetworkdevelopment,designedtorealisticallymimicbrainbehavior.The
innovativeaspectofthistechnologyliesinitsuseofspikesignals,unliketraditional
neuralnetworksthatrelyoncontinuoussignals,toencodedataandtheartificial
implementationofamodelthatemulatesmembranepotential,whichhelpsextract
informationfromtheincomingdata.Aspikesignalcanbedigitallyrepresented
byasinglebitindicating,forinstance,thataneventoccurred.Variousmodels
implementthemembranepotentialusingdifferentapproaches.

ThisthesisexplorestheintegrationofaSpikingNeuralNetworkhardwareac-
celeratorintoaRISC-Vprocessortoenableenergy-efficientcomputation.Thegoal
istodevelopasystemoptimizedforlow-powerconsumptionwhilemaintaining
real-timedataprocessingcapabilities.Neuromorphiccomputing,inspiredbythe
brain’sevent-drivennature,offersanalternativetotraditionaldeeplearning,which
iscomputationallyexpensiveandenergy-intensive.Bymimickingbiologicalneu-
ronsthatcommunicatethroughspikes,SNNspromiseimprovedenergyefficiency,
especiallyforedgecomputingdevices.Furthermore,theopen-sourcenatureof
theprocessorallowshardwarecustomizationtomeetspecificrequirementsforsize,
performance,andpowerconsumption.

Thisthesispresentsanewframeworktodemonstratetheefficiencyofthisso-
lution,usinganFPGAthathostsboththeRISC-Vprocessoranddedicated
hardwaretoimplementtheSpikingNeuralNetworkaccelerator.Thissetupenables
aneasilyprogrammableandcontrollableplatform,whichallowsdirectdebuggingof
theprocessorcore,enablingrapidprototypingandtesting.Additionally,theopen-
sourcenatureoftheRISC-Vprocessorallowsextensivehardwarecustomization,
makingitadaptabletospecificrequirementssuchassize,processingperformance,
andpowerconsumption.Thislevelofflexibilityiscrucialindevelopingspecialized,
low-powercomputingsystems.
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TheframeworkusesanAMDFPGA,specificallytheZynqUltraScale+ MP-
SoCZCU102EvaluationKit,whichsupportsallmajorperipheralsandinterfaces,
enablingdevelopmentforawiderangeofapplications.Thistypeofdevicecontains
bothadedicatedsystemfordataprocessingandcommunicationhandling,aswell
asaprogrammablecomponent. Theprogrammablelogicofthedevicecanbe
directlyprogrammedthroughasoftwaresuiteexploitingahardwaredescriptionof
theIP.Assuch,thePULPplatformwaschosenasthemicrocontrollertobeim-
plementedwithintheFPGA.Morespecifically,PULPissimo,a32-bitopen-source
microcontrollerthatcansupportvarioustypesofRISC-Vcores,isimplemented
intheFPGA.Finally,insidethemicrocontrollerSoCaperipheralactingasan
adaptorbetweenthecoreandthehardwareacceleratorisallocated.Thismodule
consistoftwointerfaces,thefirstoneisexploitedforreadingtheincomingspikes
fromthememoryandprovidesthedatatotheaccelerator,whilethesecondoneis
usedtowritetheacceleratorresultstothememory.Inadditiontheseinterfacesare
inchargeofthemanagementofthecontrolssignalsusedtomastertheaccelerator.

Alongthisthesisworkafullframeworkisdescribedinitsfundamentalelements
showingstrengthsandweaknessofthissolution.Thegoalistoprovethatthiskind
ofsolutioncanguaranteeatthesametimeagoodperformanceandacost-effective
implementationmainlyfocusedonpowersaving.Thefinaloutcomeisalow-power
system,flexibleandreconfigurable,abletoenhancetheRISC-Vdomainbythe
powerofneuromorphiccomputing.
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Chapter1

Introduction

Accordingto[1]itispossibletodefineanArtificialNeuralNetwork(ANN)asa
trytoemulatethearchitectureandtheinformationhandlingsystemtypicalofthe
biologicalnervoussystem.Furtheradvancesinthefieldofneuromorphicintelligence
havebeenbroughtaboutbythespikingneuralnetwork(SNN).Theintroduction
oftimeinformationrepresentsameaningfulstepforwardregardingtheparal-
lelismwiththeactualbiologicalmodel.Then,ahardwareacceleratoristaskedto
handletheactualimplementationofthetheoreticalmodelthroughacustomdesign.

Thischapterpresentsabriefoverviewofartificialneuralnetworkstounderstand
betterthereasonsthathaveledtothechoiceofahardwareaccelerator.Firstly,
theneuralnetworkworkingmechanismisexplained.Then,theapproachofspiking
signalsisfocused,highlightingthemotivationsbehindthischoice.Finally,theuse
ofahardwareacceleratorandRISC-Vprocessorismotivated.

1.1 Motivations

ThecommonarchitectureofanArtificialneuralnetworkischaracterizedbyaset
ofnodesandinterconnectionsbetweenthem.Thepurposeofthisapproachisto
efficientlysolvecomplexproblems,suchaspredictionormodeling,byadivideand
conquertechnique. Thenodesareinchargeofreceivinginputsandproducing
outputsaccordingtoacertainfunction.Thesecomputationalunitsactliketheneu-
ronsinsidethebrainthatreceivesignals,alsoknownasactionpotentials,through
synapsessituatedonthedendrites.Ifthesignalsurpassesadefinedthreshold,the
neuronisactivatedandanewsignalispropagatedtowardsothernervecells.On
theotherhand,theconnectionsbetweennodesdeterminehowtheinformation
flowsinthenetwork.Thislinkingbehavesliketheaxonsthatconnecttheneurons.
Asaresult,themodelofartificialneuronsandinterconnectionshighlyabstracts
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therealneuroncomplexity.

Overtheyears,ANNsreachedahigherlevelofsimilaritytotherealnervous
systemandalsothecomputationalpowerisincreased[2].Thethird-generation
ANN,knownastheSpikingneuralnetwork,representssignificantprogressdue
totheintroductionoftime-spaceinformationanalysis,butcanfurtherimprove
thetechnologiesalreadyimplementedintothepreviousgeneration,asithasbeen
demonstratedin[3].ThisimprovementisclearlyshowninFigure1.1wherethe
improvementamongthedifferentgenerationsfrommultilayerperceptron[4]is
represented.Indeed,ateachtimestep,iftheinputreachesacertainthresholdthe
neurongeneratesaspikesignal[5].Then,bothinputandoutputcanbeseenas
spiketrains.Thisinformationcanalsobereadasbinarydata:

•(1)=Inthecurrenttimestepaspikesignalisgenerated

•(0)=Inthecurrenttimestepnospikesignalisgenerated

Figure1.1:Supervisedlearninginspikingneuralnetworks:Areviewofalgorithms
andevaluations[6]

Inordertoefficientlydevelopanarchitecturethatisaccuratelyshapedbythe
biologicalmodel,acustomhardwareimplementationcanbethebettersolution,
insteadofasoftware-basedanswer.Thiskindofimplementationiscalledhardware
acceleratorbecausetheprimarypurposeistoenhanceperformanceachievingalso
anacceptablepowerconsumption.Then,tohandletheentireplatformthathosts
theimplementationofanSNNaRISC-Vcoreiscustomized. Thedominant
reasonbehindthissolutionisthepossibilityofentirelymodifyingtheopen-source
hardwaretooptimizethefinalresult.
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1.2 State-of-the-art

Asstatedby[7],[8]and[9],dedicatedhardwareforgeneral-purposespikingneural
networksishardlyprocurableduetotheheterogeneousrequirementsintermsof
networkarchitectures,encodingmethods,andneuronmodels.

Anotherapproach,followedinthepast,consistsofimplementingasoftware-based
network.Thiskindofimplementationisnotsuitableinthecaseofafewpower
computationalunits,asexplainedin[10],despitefeatureslikehighparallelismand
event-drivencomputationduetothesparsenatureoftheSNNs.SpiNNakerisa
noteworthyexampleoflargenetworkmodelsthataspiretoachieveamassively
parallelmillion-corecomputationandaccordingto[11]issuitedtothemodelingof
large-scalespikingneuralnetworksinbiologicalrealtime.Thisscopeisachieved
through18ARM968processornodes,whichguaranteealsogoodenergymanage-
mentsacrificingsomeperformance.

Althoughsignificantcomputationalpowercanbeachievedbyexploitingamassive
amountofresources,designtoolsandsimulatorsarenotwell-suitedforimplement-
ingreal-timesystems.Additionally,itiscrucialtoconsiderthatInternetofThings
(IoT)andwearabledevicesrequirecompactsizeandefficientpowermanagement.
Asaresult,customhardwaredesignedforaspecifictaskcanbecomethemost
viablesolution.

FieldProgrammableGateArrays(FPGAs)areprogrammablelogicdevicescom-
posedofconfigurablelogicblocksandaconnectinggrid. Bymodifyingthese
connections,FPGAscanperformawiderangeofdigitalfunctions.FPGAsoffer
notonlycostreductionbutalsogreaterflexibility.Additionally,theyarevaluablein
embeddedsystemapplicationsbecausetheycanconcurrentlyhandlebothhardware
andsoftwaredevelopment.

InordertointegratethehardwareacceleratorinsidetheFPGAtherearetwo
ways:

•ExploitingtheProcessingSystem(PS)tohandlethecommunicationinterfaces
towardstheexternalworld,whiletheProgrammableLogic(PL)isexclusively
committedtotheacceleratorengine.

•ThedesignisentirelyimplementedinsidethePL,inthissituation,anaddi-
tionalcoreisneededtomanagethedataandcontroltheaccelerator.

Thelastalternativehasthebenefitofallowingthecustomizationofthedesign
attheRegistertransferlevel(RTL).Thus,thissolutionenabletherealizationof
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optimizedinterfacesbetweenthecore,thememoryandtheaccelerator.Inaddition,
itispossibletoincludeuniqueinstructionstoconfigureandmanagethehardware
proficiently.Specifically,acustomRISC-Vprocessorcanbesynthesizedthrough
theprogrammablelogictomeettheSNNrequirementsandsavearea.

1.3 Contribution

Preciselyinthisperspective,thepurposeofthisthesisistopresentthepotential
ofafullyimplementedframeworkforanSNN.Thefeaturesoftheprojectinsist
onachievingbetterresultsintermsofspecializedpowercomputationwiththe
minimumeffortintermsofareaoccupiedandpowerconsumption.Inorderto
fulfilthispurposethefollowingmeansareemployed:

•FPGA:AlltheinnercomponentsareimplementedinsidethePLoftheFPGA
toexploittothemaximumthepotentialityintermsofcustomization.

•RISC-V-based microcontroller:Inordertohandlethecommunications
totheoutsideworldsomeperipheralssurroundthecore.Inparticular,these
modulesareusedtoreceivedataand,aftertheprocessing,cansendthe
computationresult.

•RISC-Vcore:Itisinchargeofprogrammingothermodulesaccordingthe
instructions,feedingwithdata,andreceivingresults.

•Hardwareaccelerator: Thisunitisresponsibleforreceivingdata,perform-
ingcomputations,andgivingresults.

•SNNengine:Insidethismodule,thedataareusedintheneuralnetworkto
produceoutcomes.

Inchapter2anoverviewofthesesubjectsisdetailed,whileinchapter4thesetup
oftheenvironmentisdelineated.Thus,thehardwareacceleratorisfocusedonin
chapter5anditsresultsarepresentedin6.
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Chapter2

Background

Thischapterprovidesabriefoverviewofthemaintopicsthatarerequiredtofully
understandnotonlythepotentialityoftheframeworkbutalsothelimitations.
Indeed,firstlyitdepictsthecreationandgrowthofFPGAtechnologyhighlighting
themotivationbehindaprogressiverise.Then,theeternalfightbetweenRISC
andCISCarchitectureswillbediscussedfromtheRISCpointofview.Afterthat,
anemergingsolutionfortherealizationlowpowerdevicesknownasthePULP
platformwillbeexplained.Lastly,theSpikingneuralnetworkwillbediscussed.

2.1 FPGA

FPGAsarecommercialprogrammabledevicesthatallowtherealizationofcustom
hardwareimplementationthankstoaflexibleplatformandensurealowdevelopment
cost.ThesedevicesareasubsetofafamilyoflogicdevicesknownasProgrammable
logicdevices(PLDs)thatembraceothersolutionssuchasProgrammablearray
logic(PAL)andProgrammablelogicarray(PLA).

2.1.1 History

Thefirstdevicethatitispossibletorecognizeasaforerunnerofthemodern
FPGAswasproducedbyXilinxin1984andisknownasXC2064[12].Atthattime,
beforetheadoptionofthefablessmodel,onlyanintegrateddevicemanufacturer
couldcreateitschips.Asaconsequence,inadditiontothedesignrequirements
alsohugeinvestmentsinfacilitiesandskilledstaffwereindispensabletoentryinto
ICbusinessortocomplywithMoore’sLaw.Thisempiricalrelationshipbetween
thenumberoftransistorsandthetimestatedthatthenumberofinanintegrated
circuit(IC)doublesabouteverytwoyears.Arepresentationofthesephenomena
isshowninfigure2.1.Thechangeoverbeganinthemid-1980swhentheengineer
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Figure2.1:Asemi-logplotoftransistorcountsformicroprocessorsagainstdates
ofintroduction,nearlydoublingeverytwoyears[13]

RossFreemanformerlyworkingatZilog,themicroelectroniccompanyfounded
byFedericoFagginandRalphUngermannwassurethateachfunctionrealized
throughanApplication-SpecificIntegratedCircuit(ASIC)couldbereplacedby
thesamepieceofsilicon.FreemanwasabletopersuadebothJimBarnettand
BernieVonderschmitttoleaveZilogandfoundanewstart-up,namedXilinx.

InpursuitofVonderschmitt’svision,Xilinxfocusedexclusivelyonitsbestre-
sult:thedesignofthebestICsonthemarket. Ontheotherhand,Xilinxhad
topartnerwithotheractorstogainaccesstoskillsandassetswithinthechip
manufacturingarea. ThankstoVonderschmitt’sabilitytopersuadehisfriend
SaburoKusama,fellowfab-managementexecutivesatJapan’sSeikoCorp.,Xilinx
succeededindelegatingtheirICfabricationtoSeiko.

AnotherformerZilogemployee,BillCarter,wasinchargeofactuallydesigningthe
firstfunctionalFPGA.Carterhastofigureoutawaytodealwithchallengingsitu-
ationsastherealizationofanever-designed-beforeICwithanICfabontheother
sideofthePacific,overcomingbarriersoflanguageandculture.Vonderschmitt
knewthattheuniquefablessapproachunitedwithafirst-of-its-kindchipcould
scareoffcustomers,thenregularlyadvisedCartertokeeprisktoaminimumand
nottryanything“toocleverorexotic”[14].
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Inthisperspective,XC2064wouldbea1,000-ASIC-gateequivalentwithaworking
frequencyof18MHz.Asaconsequence,CarterrequiredthatSeikocompletely
characterizeitsprocesstoprovideminimumfeaturewidthstoincludealltheFPGA
featuresascloselyaspossible.

TodealwithVonderschmitt’sconcernsaboutrisks,Carterrealizedtheimple-
mentationthroughonemodularconfigurablelogicblock(CLB)andonemodular
I/Oblock,withslightvariationsinsomespecificpositions.Thisdecisionallowed
thedesignerstomanuallyverifythelogicdesigninsteadofrelyingonpremature
andunreliableversionsofcomputer-aideddesign(CAD).Mostofthetimewas
spentverifyingthefewunconventionalblocksthroughSimulationProgramwith
IntegratedCircuitEmphasis(SPICE).AnexampleofthisattitudewasCarter’s
decisiontoemployfewerp-channelsandmoren-channelsinhisCMOSdesignin
ordertoimproveperformanceandsavespace.

AfterthemanufacturingbySeiko,25FPGAwafersweredeliveredtoCarter
tobecarefullytestedbymeansofprobesandahomemadedebugger.Unfortu-
nately,onlyonewaferdidnotshowdeadshort,althoughitsufferedasignificant
currentdraw.Ontheotherhand,thissinglewaferwasusefultounderstandthat
aninsufficientetchingwasthemainfailurecause. Moreover,theusablechipswere
utilizedtosuccessfullyrunasimplebitstreamimplementinganinverter.

Finally,afterworkinghardtosolvetheetchingandotherproblems,Xilinxand
SeikomadeXC2064thefirstcommerciallyavailableFPGAintheworld. This
remarkablestepwasjustthebeginningofthefruitfulrelationshipbetweenthetwo
companiesthatchangedthehistoryofICmanufacturingandmore.

2.1.2 Workingprinciple

Nowadays,programmablelogictechnologyrepresentsanadvantageoustrade-off
betweenhighper-unitcostsand,ontheotherside,outstandingperformancesand
powerconsumption.Asaresult,customdigitalhardwarerepresentsthebestchoice
forlow-volumedesignandprototyping,becausethesamedesigncanbeusedfor
differentapplications.Atthesametime,theunitcostiskeptlowthankstoalarge
volumeofproduction.

TounderstandthekeyadvantagesofchoosinganFPGAasPLDandhowitworks,
itispossibletobrieflyevaluateComplexprogrammablelogicdevices(CPLD).
Thistop-downapproachstemsfromexploitingprogrammablearraylogic,inother
words,thisbasicblockhasaprogrammableANDplaneandafixedORplane.A
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schematicexampleofPALisshowninfigure2.2,wherethereare3inputsand
2outputsresultingfromhowtheinterconnectionsareprogrammed.Inaddition,
feedbackconnectioncanincreasethecomplexityoftheimplementedlogicfunctions
atthecostofconsumingmoreresourcesandintroducinghigherdelays.Themain

y0

y1

x0 x1 x2

Figure2.2:Programmablelogicdeviceschematic

disadvantageofthischoiceisthelackofsolutionstoimplementsequentialfunctions.
Afeasibleworkaroundcanbeamacrocellshowninfigure2.3,aconfigurablelogic
circuitmadeofPLAwhereeachoutputiscoupledwithaflip-flopandamultiplexer
allowstoselectamongdifferentfunctions:

•Combinationalbypass(directandinverted)

•Latchedoutput(directandinverted)

Therefore,acollectionofmacrocellsmakesamacroblocktoimplementmoread-
vancedfeatures. Withthesameapproach,acomplexprogrammablelogicdeviceis
setupbysomemacrocellandincreasesthenumberofinputsandoutputs.Asa
consequence,thecomplexityofroutingsignalsandprogramminginterconnections
increasesandthenumberofflip-flopscanbecomeunaffordable.

Inordertosatisfythelargestoragedemandfortemporarydata,FPGAisa

8



Background

y0

x0 x1 x2

0

1

S0Vdd

D Q

Q

0

1

S0

00

01

10

11

Vdd S1

CLK

Figure2.3:Macrocellschematic

betterchoicebecausetheyareprogrammablelogicdevicesbasedonLook-Up
Tables(LUT).ALUTisasmallmemoryusedtoimplementcombinationallogic
functionswithalimitednumberofinputsandoutputs. Nowadays,themost
suitabletechnologytoimplementthesedevicesisSRAM,staticrandomaccess
memory.LUTsandoptionalFFsaregroupedinConfigurableLogicBlock(CLB)
orLogicElement(LE).Then,AcollectionofmanyCLBsorLEs,organizedasa
matrixarrayofrowsandcolumns,withconfigurableI/Oblockstoconnecttothe
externalworldcreateanFPGA.Moreover,programmableinterconnectionsallow
theroutesignalsfromoneCLBtoanother.TheLEarchitecturedepictedinfigure

0

1

S0

00

01

10

11

S0    S1

1x2 SRAM

D Q

Q

CLK

out0
LUT
16x1
SRAM

in0

in1

in2

in3

LUT out

Figure2.4:Logicelementschematic

2.4issimilartoamacrocell,butthe4-input1-outputLUT,writtenonlyduring
configuration,substitutesthelogicgates.

TheotherinnovativelogicelementoftheFPGAdesignistheswitchmatrix
drawninfigure2.5Thepurposeofthesepasstransistorsistopreventconflicts.
Specifically,ifatransistorisnotconnected,adjacentsegmentsmaybelongto
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S2

S3

S0 S1

S4 S5

wleft wright

wtop

wtop

Figure2.5:Switchmatrix:ontherightthereisthedetailedviewofaswitch

differentinterconnections.Thisapproachenhancesflexibilityandsimplifiesrout-
ing.However,theswitchmatrixalsoincreasesbothdelayandtheareaoccupied.
Therefore,itiscrucialtoassesstheoptimaltrade-offbetweencost,performance,
andflexibility.

2.2 ReducedInstructionSetComputer

Increasingtheprocessorbandwidthisnolongersufficienttoimprovethenumber
ofinstructionsprocessedinagiventimeduetothephysicallimitationsofcurrent
technology,unitedwiththeincreasingchallengesofheatdissipation.Then,alter-
nativetechnologiesandarchitecturescanbeexploredtousetheactualknowledge
moreefficiently.RISCarchitecturerepresentsasignificantexampleofthisapproach
becausecutting-edgemodulescanbeusedtogreatlyincreaseperformance.

2.2.1 Morecomplex morepower?

Inthe1980sand1990schipareaandprocessordesigncomplexityweretheprimary
constraints,thesefactorshavestillaconsiderableimpactonthehardwarecost-
effectivenessofcomputerarchitects.AsstatedbyDavidA.PattersonandDavid
R.Ditzelin[15],thetrendthatrelatestheadditionalcomplexitywithaprofitable
increaseinperformanceisnotalwayscost-effective.Theyproposedtotakethe
oppositepath:aReducedinstructionsetcomputer,inotherwords,reducethe
complexityofthearchitecturetoenhancetheperformance.
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ThefirstproofinsupportofPattersonandDitzel’sapproachwasgivenby W.G.
AlexanderandD.B. Wortmanin[16].Inthispaper,theauthorsdemonstrated
thatforaspecificcompiler,IBM370,10instructionsaccountedfor80%ofall
instructionsexecutedand99%canbereachedwithonly30instructions.Then,is
clearthattheentirearchitectureisnotfullyexploitedinmostofthecases.Inthe
samedirection,AndrewS.Tanenbaumin1978[17]empiricallydemonstratedthat
foraparticulararchitecture,asmallerinstructioncanoftendothesameworkas
longerandmorecomplexinstructions.

Nevertheless,thecomplexityofcomputerscontinuestoincrease.Intheirpaper,
PattersonandDitzelattemptedtoexplainthemotivationbehindthisphenomenon.
Memorywasamajorconcernatthetime,asdesignershadtoaddressboththe
imbalancebetweenCPUandmemoryspeeds,aswellasprohibitivelyhighcosts.
Asaresult,increasingcodedensitytosavespaceandusingsingleinstructionsto
performcomplexoperationsemergedasthemostcost-effectivesolution.However,
fromanotherperspective,increasingcomplexitytoachievehighercodedensitycan
beadouble-edgedsword.Thesavingsfromincreasedcomplexityarenegatedif
theresultingCPUbecomesprohibitivelyexpensive.

Inaddition,itisimportanttoemphasizethattheprimarygoalofacomputer
companyisnotnecessarilytodesignthemostcost-effectivecomputer,butrather
tomaximizeprofits.Fromthisperspective,addingnewandmorepowerfulin-
structionshasapositiveimpactonpotentialcustomers,whomaynotbeable
toobjectivelyassesscost-effectiveness.Furthermore,theeasiestwaytomaintain
upwardcompatibilityistoaddfeaturesratherthanmakingfundamentalchanges
tothearchitecture.

2.2.2 RISC:changingofapproach

WiththeriseofVery-large-scaleintegration(VLSI)focusingtheresearchefforton
cutting-edgearchitectureimplementationbecameevenmorecritical.Firstofall,a
low-complexityimplementationneedsasmallerareatobeimplemented,thenalso
inthe80s,asinglechipwouldhavebeenabletocontaintheentireCPUdesign.
ForthesamereasonkeepingupwithMoore’slawbecamemorefeasiblebecause
thatdesigntimeisconsiderablyreduced.Thepossibilityofexploitinginamore
efficientwaythesameareaenablestheimplementationoftechniqueslikepipelining
toexploitinstruction-levelparallelismandcachestotakeadvantageofspatialand
temporallocality.

Inparticular,pipelineimplementationwasaninnovativewaytothinkabout
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theCPUworking.Aboutthissubject,Shlomo WeissandJamesE.Smithin[18]
studiedavarietyofhardwarepipelineschedulinginordertofindthepossible
trade-offstoachievehighscalarperformance.Inapipelinedcomputer,instruction
processingisbrokenintosegments,andprocessingproceedsinanassemblyline
fashionwiththeexecutionofseveralinstructionsbeingoverlapped.Aschematic
exampleisshowninfigure2.6whereafive-stagepipelineisrepresented:

•Instructionfetch(IF):Instructionsarereadfromthememoryusingthe
programcounter(PC),aspecialregister,toretrievetheaddress.

•Instructiondecode(ID):Instructionbitsaredecodedinsimplecombinational
logictoproducecontrolsignals.

•Execution(EX):TheExecutestageiswheretheactualcomputationoccurs.

•Memory(MEM):Duringthisstageispossibletoaccessthememory.

•Writeback(WB):Theresultiswrittenintotheregisterfile.

Figure2.6:Basicfive-stagepipelineinaRISCmachine[19]

Thisapproachtheoreticallycanachievehighthroughput,buthazardsandmemory
bottleneckscanreducetheeffectivenessunlesspropercountermeasuresaretaken.
Aseffectivelydemonstratedafteraround10yearsby[20]and[21]theadvantages
oftheRISCapproachwouldhaveledtosignificantadvancementsincomputer
architectures.Thus,eventhemostskepticaldesignerswereconvincedthatthe
implementationbenefitsofRISCconceptscouldovercometheadvantagesofcomplex
instructions.

2.2.3 Howitworks?

Then,itisimportanttohighlighthowtheRISCconceptswereimplementedand
thefollowingimprovements.Inordertobrieflygiveanoverviewofanactual
implementationitispossibletobringuptheBerkeleyRISCIasacaseinpoint
[22].Firstofall,someideasweretakenascornerstones:
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•Oneclockcycleinstructions.Then,microinstructionsbecomeuselesssaving
areacommittedtodecoderandincreasingperformance.

•Allinstructionsarethesamesize.

•Onlyloadandstoreinstructionsaccessthememory.Gettingridofcomplex
addressingmodesmakesthedesignmoresimple.

•Ensurehigh-levellanguage(HLL)supportwithaspecialconsiderationforC
andPascal.

Regardingthelastpoint,thefrequencyandimpactofHLLstatementswereevalu-
atedtodeterminewhichrequiredhardwaresupporttoensureoptimalperformance.
TheanalysisidentifiedtheCALLprocedureasthemosttime-consumingoperation,
primarilyduetotherelianceonsubroutinestoreplacecomplexinstructions.To
addressthis,aregisterwindowstructurewasimplementedtoacceleratetheCALL
functionandminimizememoryaccesses.Insteadofrelyingonasinglesetof
registersforalloperations,theCPUutilizesmultiplesetsofregisters,knownas
registerwindows,witheachfunctionorprocedurecallassigneditsownwindow.

Inotherwords,thefirsttenregisters(fromr0tor9)areknownasglobalregisters
andtheyarenotsavedorrestored.Then,theotherregisters(fromr10tor31)
arebrokeninthreepart:

•26-31(HIGH):arereservedtoparametersfromthecallingprocedure.

•16-25(LOCAL):arereservedtothelocalscalarstorage.

•10-15(LOW):arereservedtoparameterstothecalledprocedure.

TopreserveinformationduringaCALLprocedure,thelowerregistersofthecalling
framearehardware-overlappedwiththoseofthecalledframe. Additionally,a
specificroutinemustbeexecutedwhennofreeregistersareavailable.

Toimplementthesearchitecturalimprovements,theinitialinstructionsethadto
belimitedinsize,comprisingonly32instructions,whichcanbecategorizedinto
thefollowingtypes:

•Arithmeticandlogicoperationsperformedontheregisters.

•Memoryaccessinstructionslikeload,storetomovedatabetweenregisters
andmemory.

•Branchinstructionslikecall,return,conditionalandunconditionaljumps.

•Miscellaneous.

13
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Regardingdataandaddressessize,thefirstversionofRISCarchitectureallows
32-bitaddressesand8-,16-and32-bitdata,thenalltheregistersare32-bitwide.
Inparticularfigure2.7showstheformatforregister-to-registerinstructions:

•OPCODE:Operationcodefieldkeeptheinformationaboutinstructiontobe
performed.

•SCC:Determinesiftheconditioncodesareset.

•DEST:Selectoneofthe32registersasdestinationoftheresultoftheoperation.

•SOURCE1:Holdthesourceregisterusedintheoperation.

•IMM:Ifitishigherthenone,itrepresentstheimmediatevalueusedinstead
ofregister,otherwise,indicatesthatSOURCE2hasaspecialfunction.

•SOURCE2:

–IfIMM=0:Thefiveleastsignificantbitsindicatethesecondsource
register.

–ifIMM=1:Expressasignextended13-bitconstant.

0 316 7 12 17 18

OPCODE
S
C
C

DEST SOURCE 1
I
M
M

SOURCE 2

Figure2.7:Instructionformat

2.2.4 RISC-V

RISCdevelopmentbegantoexperiencehealthygrowthandinnovationinthe
1980s,becomingakeyareaoffocusduetoitsgroundbreakingconcepts.Then,
universitieslikeStanfordandBerkeleydecidedtopursueresearchinthisfield,but
alsomajorcompanieslikeIBMbelievedinRISC’spotential.However,whennew
improvementsstagnated,itcouldunderperformcomparedtocompetitors,causing
itsimpacttodiminishandreceivelessattentioninthebroadercontext.

ArmandSun(nowpartofOracle)havebeenthemainplayersintheRISC
scenerysincethe1980s.Inparticular,Arm,whichstandsforAdvancedRISC
Machines,focuseditsresearchondevelopinglow-costsandlow-powerprocessorsto
establishitselfasthemainsolutionforportabledevicesandembeddedsystems.
Ontheotherhand,SPARCarchitecturewasdevelopedtopowercomputerwork-
stationsandserversashappenedforSun-4.However,despitetheircontributions,
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eachofthesearchitecturesfacedchallengesinmaintainingtheircompetitiveedge,
particularlyastechnologyevolvedandnewcompetitorsemerged.

Afterseveralyears,in2008,begananewfive-yearprojectbasedonRISCar-
chitecturetoadvanceparallelcomputing,theParLab.Thisprojectwasbasedat
BerkeleyunderthesupervisorofProfessorKrsteAsanovićandProfessorDavid
PattersonaschairoftheComputerScienceDivisionandcarriedonbygraduate
studentsYunsupLeeandAndrew Waterman.Theinterestinthisprojectbrought
generousfundingfromIntel,Microsoft,andalsotheDefenseAdvancedResearch
ProjectsAgency(DARPA).Although,alltheprojectsintheParLabwereopen
sourceusingtheBerkeleySoftwareDistribution(BSD)license[23].Thepurposeof
theprojecthasbeencarriedonbytheRISC-VFoundationwhichhasworkedto
buildanopen,collaborativecommunityofsoftwareandhardwareinnovatorsbased
ontheRISC-VISAsince2015.

Thefoundationsofthisprojectaresummarizedinsidetheinstructionsetar-
chitecture(ISA)[24],theabstractmodelwherealltheinformationrequiredtouse
aCPUisdefined.Firstofall,thepurposeandtheprinciplesoftheirworkare
declared,andthenatechnicalreviewispresented.Itisimportanttohighlightthe
decisiontokeepthestandardopen,allowingbothscientiststoworkfreeofcharge
andbothcompaniestodeveloptheirversionswithoutfees.

Movingonthetechnicalside,thememberoftheprojectsettledtodesignasmall
general-purposeISAthatcouldsupportup-to-datefeaturessuchastherevised
2008IEEE754floating-pointstandardandboth32-bitand64-bitaddressspace
variants. Moreover,theirarchitectureshouldsupportboth32-bit,knownasRV32,
and64-bit,knownasRV64,addressspacevariantsandefficientdenseinstruction
encodingtoaddressperformance,powerconsumption,andcodedensityissues.
Inadditiontothesefeatures,alsouser-levelISAextensionshadtobeguaranteed[25].

Theregistersetconsistsof31general-purposeregistersholdingfixed-point32-or
64-bitvalues(fromx1tox31),whiletheregisterx0isfixedto0.Floating-point
valuescanbeexpressedwithsingleordoubleprecisionandarestoredinside32
registersf0-f3164-bitwide.Inaddition,thepcregisterholdstheaddressofthe
currentinstruction,whilefsrholdstheaddressofthecurrentinstruction.

Asmentionedearlier,RISC-Visdesignedtoworkwith32-bitinstructions,but
italsosupportsbothcompressedinstructionsandextensions,providedthatare
alignedon16-bit.Thebasicinstructionscanbegroupedinsixsets:

•R-type:has2sourceregistersandanoptional10-bitfunctionfield.Integer
computationalinstructionsarepartofthisgroup.
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•R4-type:theonlyhas3sourceregisters,thenonlyfivebitsareavailablefor
thefunctionfield.Thisformatisonlyusedbysomefloating-pointinstructions.

•I-type:insteadofasecondsourceregister,an11-bitimmediatevalueis
provided,thenonlythreebitsarereservedforfunctionfield.

•B-type:itissimilartoI-typegroup,butdiffersabouttheimmediateencoding.
Conditionalbranchesfollowthisencoding.

•L-type:onlythedestinationregisterisspecified,whiletheothersbitsare
dedicatedtotheupperimmediatetobeloaded.Infact,luiistheonly
instructionwiththisformat.

•J-type:themainfieldholdsthetargetaddressstoredastheoffsetfrom
programcounter.Infact,thisformatencodedtheunconditionaljumps.

Inthetable2.1isshownhowthe32-bitarefilledaccordingtotheorganizationof
themicro-architecture.

RISC-Visabyte-addressableload-storearchitecturesoonlyLoadandStore
instructionscanaccessmemory,whileotherinstructionshavetouseCPUregisters.
Inparticular,Loadandstoreinstructionstransferavaluebetweentheregisters
andmemory. LoadsareencodedintheI-typeformat,andstoresareB-type.
Theeffectivebyteaddressisobtainedbyaddingregisterrs1tothesign-extended
immediate.Loadswritetoregisterrdavalueinmemory.Storeswritetomemory
thevalueinregisterrs2.

31 27 26 22 21 17 16 12 11 10 9 7 6 0
rd rs1 rs2 funct10 opcode R-type
rd rs1 rs2 rs3 funct5 opcode R4-type
rd rs1 imm[11:7] imm[6:0] funct3 opcode I-type

imm[11:7] rs1 rs2 imm[6:0] funct3 opcode B-type
rd LUIimmediate[19:0] opcode L-type

jumpoffset[24:0] opcode Jtype

Table2.1:RISC-Vbaseinstructionformats

2.3 ParallelUltraLowPowerPlatform

InthewakeofRISC-Vgrowing,theIntegratedSystemsLaboratory(IIS)ofETH
ZürichandtheEnergy-efficientEmbeddedSystems(EEES)groupoftheUniversity
ofBolognastartedtogethertoexploreanddevelopnewandefficientcomputing

16



Background

architectures based on the RISC-V open ISA. The Parallel Ultra Low Power (PULP)
Platform was born in 2013 with the aim of realize low-power devices, but it has now
realizing high-performance devices and also multi-core systems. In less than ten
years PULP became one of the most well-known open-source projects worldwide,
as proved by more than 50 ASICs realized and the successful projects stemmed
from this work like Ariane or Zeroriscy [26].

An overview of the environment is proposed in picture2.8where it is possible to
distinguish the following main section:

•Core: this is the hear of each system and specific solutions are available, even
a 64-bit version known as Ariane.

•Peripherals: this group includes the interfaces towards the outside world
enabling both communication and control of the device.

•Interconnect: different kinds of solution are implemented according to the
aim, for example reach a custom module or address a peripheral.

•Platform: assembling the previous components with a proper memory system
it is possible to build from single core to Multi-cluster implementation.

•Accelerator: this component is not mandatory, but nowadays is one of the
most useful part.

Figure 2.8:PULP platform overview
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Thechoiceoftherightprocessorisstrictlyrelatedtothepurposeofthesystem.
Infact,RI5CY,alsoknownasCV32E40P,isafour-stage32-bitcoresupporting
instructionsetextensionfordigitalsignalprocessingoperationanda32-bitfloating
pointunitusedtoenhanceperformance.Ontheotherhand,ZeroandMicroriscy
areaimedatachievingaminimalarea.Arianewasdesignedtoreachacritical
pathlengthofabout20gatedelays.

ThesimplestPULP-basedsystemsaresingle-coremicrocontrollerscalledPULPino
andPULPissimo.Cluster-basedsystemsareimplementedtoincreaseperformance
andbasicallyconsistofsomecoresandmemories,butalsoaSoCthathouses
alargersecond-levelmemory,peripheralsforinputandoutput,andacomplete
PULPissimomicrocontrollerforpowermanagementandbasicoperations.The
mostpowerfulsolutionisimplementedthroughacompoundofclustersconnected
toaregularcomputingnode.

Anin-depthlookatthePULPissimomicrocontrollerisprovidedtohighlight
theplatform’stypicalfeatures.Firstofall,PULPissimoisasingle-coremicrocon-
troller,soitcombinesallthenecessaryelementsofamicrocomputersystemontoa
singlepieceofhardwaresothearchitectureasshowninfigure2.9includes:

•MaincorelikeRI5CYorMicroriscy(Ibex).

•MicroDirectMemoryAccesscontroller(uDMA)tomaketheInput/Output
systemautonomous.

•Memorysubsystem.

•Simpleinterruptcontroller.

•Peripherals.

•SupportforHardwareProcessingEngine(HWPE).

•SoftwareDevelopmentKit.

Ononeside,RISCYisanin-order,single-issuecoreandthankstoafour-stage
pipelinestageitcanreachaboutoneinstructionperclockcycle.Itsupportsthe
baseintegerinstructionset(RV32I),compressedinstructions(RV32C),andmultipli-
cationinstructionsetextension(RV32M).Inaddition,itcanbeconfiguredtohave
asingle-precisionfloating-pointinstructionsetextension(RV32F).Itimplements
severalISAextensionssuchashardwareloops,post-incrementingload-and-store
instructions,bit-manipulationinstructions,MACoperations,supportfixed-point
operations,packed-SIMDinstructions,andthedotproduct.Ithasbeendesigned
toincreasetheenergyefficiencyofultra-low-powersignalprocessingapplications.
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Figure 2.9:PULPissimo architecture [27]

On the other side, Ibex, formerly Zero-riscy, is an in-order, single-issue core with
two pipeline stages. It has full support for the base integer instruction set (RV32I
version 2.1) and compressed instructions (RV32C version 2.0). It can be configured
to support the multiplication instruction set extension (RV32M version 2.0) and
the reduced number of registers extension (RV32E version 1.9). Ibex was originally
designed at ETH to target ultra-low-power and ultra-low-area constraints.

2.3.1 Software development kit

From the software point of view, it is crucial to have the possibility to test the
entire hardware implementation with powerful debug tools and to save the signif-
icant amount of time needed by the syntheses. This scope is even more urgent
when the main actor is a lightweight and flexible micro-controller as PULPissimo
in order to break the speed and design effort bottlenecks. Among the several
solutions powered by the PULP platform summarized in figure2.10, the most pow-
erful solution is represented by the Software development kit distributed through
a GitHub repository at [29]. It provides tools, libraries, and APIs for writing,
compiling, and debugging software on various PULP-based chips. The organiza-
tion is schematized in figure2.11where the three steps of the process are highlighted.
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Figure 2.10:PULP software tools [28]

Firstly, the toolchain itself should be configured according to the desired platform
through the use of JSON configuration files, which define the specific parameters
and settings for the target architecture. Once configured, the toolchain must be
built in order to generate all the necessary tools based on the RISC-V ISA for
the development process, including compilers, linkers, and libraries tailored to the
specific PULP-based platform.

|

PULP Software Environment
PULP Simulator and SDK

03/03/2021 6

JSON Files

Python Generators

Building/Compiling
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C++
Models

C++
Engines

GVSoC

CompilingApp

C App 
Code

PMSIS

Board/FPGA

RTL Platform

JSON Files C++ Models

ExecutingApp

GVSoC

Figure 2.11:PULP SDK organization [28]

The heart of the SDK engine is the Generic Virtual System on Chip (GVSOC),
an open-source simulator specifically designed for simulating PULP architectures.
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GVSOCiscapableofsimulatingcomplexfull-platformsystems,offeringdevelopers
avirtualenvironmentthataccuratelymimicsthebehaviorofthehardware.As
notedbythedevelopersin[30],theprimaryadvantagesofthissimulatorlieinits
abilitytoprovideahighlyconfigurableandtiming-accuratesimulation,utilizing
anevent-drivenmodel.Thisapproachensuresthatthesimulatorcancapturethe
intricaciesofhardwareexecutioninamannerthatisbothrealisticandflexible.

GVSOCachievesthisbyleveragingbothPythonandC++initsarchitecture.
Pythonisprimarilyusedforthehigh-levelconfigurationandcontrolofthesimula-
tionenvironment,whileC++handlesthelow-level,performance-criticalpartsof
thesimulation,ensuringefficientexecutionofthesimulationprocess.Thiscombi-
nationallowsdeveloperstofine-tuneandcustomizethesimulationaccordingto
theirneedswhilemaintainingthenecessaryperformanceforaccurateevent-driven
simulations.

Theprocessofexecutingaprograminthissimulatedenvironmentinvolvestrans-
latingtheCcodeintoinstructionsthatthePULPplatformcanexecute.This
isaccomplishedthroughthePMSIS(PULPMicrocontrollerSoftwareInterface
Standard),whichprovidesasetoflow-leveldriversthatfacilitatecommunication
betweenthesoftwareandthehardwareor,inthiscase,thesimulatedplatform.
PMSISactsasthebridgethatallowsdeveloperstowritehigh-levelcode,which
canthenbetranslatedintoinstructionsforthePULParchitecture.

Oncethecodeistranslated,itisexecutedwithintheGVSOCenvironment.In
additiontoprovidingsimulationcapabilities,GVSOCalsoincludesadebugging
interfacethatallowsdeveloperstostepthroughtheircode,setbreakpoints,and
monitorthebehavioroftheirapplications.Thisintegrateddebuggingenvironment
iscrucialforidentifyingandresolvingissuesearlyinthedevelopmentprocess,en-
suringthatthesoftwarerunscorrectlywheneventuallydeployedonactualhardware.

Ifonlyastandardsimulationoftheimplementationisneeded,usingthestand-alone
PULProutinewouldbeatime-savingalternative.Thissolutioncanturnoutto
beeffectiveforsituationslikethesimulationofasimpleapplicationimplemented
onthePULPplatform.UnliketheSDKtoolchain,thistoolmainlyreliesonthe
GNUcompiler.
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2.4 SpikingNeuralNetwork

InthiseradominatedbyremarkableprogressinthevastfieldofArtificialIntelli-
gence(AI)energyefficiencyisoneofthemostrelevantconcerns.Asstatedin[31]
largermodelstranslatetogreatercomputingdemandsand,byextension,greater
energydemands.Indeed,ononehand,deeplearningmodelssucceededinvarious
aspectsofanordinaryandextraordinarylife,fromvideogamestomedicaltasks.
Ontheotherhand,thetrade-offbetweenpowerconsumptionandperformancestill
elevatesthehumanbrainasthebestplayerincomputationaleffort.Thus,the
mostreasonableconclusionistobeinspiredbybiologytorealizethemostefficient
waytoperformcomputation,inotherwords,Neuromorphiccomputing[32].

2.4.1 Biologicalnetwork model

Thewayusedbythebodytosensetheexternalworldisbyimitatedcreating
artificialsensorsinspiredbybiologicalsensorslikeretinaorcochlear,asoutlinedin
2.12.Theeclecticsignalgeneratedfromthesensorinresponsetoaneventisknown
asaspikeandcarriestheinformation.Then,theobservationofphenomenacan
becodedthroughaspikesignalstrain,wherethesinglebitrepresentsifanevent
happens,sothebitisequalto1,ornot.Themodelsdevelopedwiththisapproach
arecalledSpikingneuralnetworksand,accordingtothespikecharacteristic,are
focusedontheevolutionovertimedespitetheintensity.Fromthehardwarepointof
view,usingaspikemeanshavinglessdatamovement,whichcanleadtoincreased
powerandreducedlatencyconcerningthesametaskonconventionalhardware.

OnceunderstandthegeneralideabehindthewordSNN,thissectionwillbe
presentedabriefoverviewoftheactualmodelofSNN.Oneofthemainactorsin
thehumanbrainisthespikesignal,whichisanelectricalimpulse,knownasaction
potentials,ofapproximately100mVinamplitude. Thesesignalsmovearound
thebodythankstothenervefibers,alsoknownasaxons,thatarelong,slender
projectionsofanervecell.Attheendofthelink,thesignalsarereceivedbythe
cellbody,abulbous,non-processportionoftheneuroncalledsoma.

Thismechanismisimplementedinanall-or-nothingwayusingonlyonebitand
weightinordertomaketheroutingandcomputationtaskeasier.Inspiteof
usingonebitinsteadofcontinuousvalues,SNNsarehighlydifferentfrombinary
networks.Indeed,thespiketimestampisusedtotransferinformationandcan
beimplementedusingclocksignalsthatarealreadydistributedacrossadigital
circuit.Thisapproachshowsonegreatgainconcerningthememoryoccupation.
Infact,thebiologicalneuronsarerarelyactivated,whiletheyrestformostofthe
time,leadingtoalargeamountofzerosbetweentwoones.Thus,itismuchmore
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Figure2.12:Schematicofbiologicalneuralnetwork[33]

convenientintermsofmemoryoccupation,andthencost,tostoretheactivation
informationthroughthemomentinwhichithappensassumingthatintheother
instants,therearenoevents.Thismodelresultsinafastresponsesystemcapable
ofsuppressingstaticevents.

2.4.2 Neuron model

Inordertotranslatetheinteractionsthathappeninsidethehumanbodyinto
preciseelectricalcircuitsamathematicalmodelisneeded.Theleaky-integrate-and-
fire(LIF)modelprovidesafirstapproximationofhowthemembranepotential
behaves.ThepurposebehindthismodeldevelopedbyLouisLapiqueistotreat
themembraneoftheneuronasaleakycapacitor,inotherwords,anidealcapacitor
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withresistanceinparallel.Toemulatetheinputsignalscomingfromthesynapses
itisusedacurrentsource,theentirestartingcircuitisdepictedinfigure2.13.Thus,

I0 CMVMRM

Figure2.13:Leakyintegrateandfireequivalentcircuit

asaconsequenceofaspikepulsetrain,thecapacitorcanincreaseitspotential
overacertainthresholdonlyiftheperiodbetweenthesignalsisshortenough.
Thisbehaviorlikelysimulateshowthemembranepotentialisovercomewhenthe
numberofincomingsignalsissufficientlyhigh.

Intendingtomakingthemathematicalanalysiseasierwithoutchangingthefinal
result,itispossibletoconsiderthecapacitorasidealremovingtheresistanceasin
figure2.14.Thus,itisimmediatetowritetheequationofthiscircuit2.1a,butcan
bealsoviewedfromtheVoltagepointofviewasin2.1bhighlightingtheevolution
alongthetime.

I0 CMVM

Figure2.14:Integrateandfireequivalentcircuit

I(t)=
dV(t)
dt
CM (2.1a)

V(t)=
1
CM

t∫︂

t0

I(t)dt (2.1b)

Fromtheequationdescribingthevoltagechangeacrosstimeitispossibletosee
howapplyingaconstantcurrent,theresponseisexpectedtoincreaselinearlyuntil
thethresholdisreachedandthenitisreset.
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Figure 2.15:Ideal behavior of the integrate and fire circuit with constant current

This description depicted in figure2.15can represent a realistic situation for
the discharging phase, but it is not suitable due to the input current behavior. In
fact, the most accurate kind of signal to describe the input synapses is a spike
impulse. The reaction of the membrane when the potential reaches the threshold
is shown in figure2.16. In this scenario the input currentIin(t)is the sum of all
the signal coming to the neuron, while the output currentIout(t)represents the
eventual response at the stimuli.

Thus, it is possible to focus on the Leaky integrate-and-fire model to have a
better representation of the neuron. In fact, the figures2.17shows how the currents
and voltages change when a leakage, emulated by a resistance, is considered in the
model. Thus, the model represented in the figure2.18obtained with a spiking cur-
rent, can adapt the artificial neuron to the the membrane potential that decreases
when it is not stimulated.

The LIF neuron is the most widely used spiking neuron model in the context
of deep learning. This popularity stems from its balance between biological realism
and computational simplicity, making it efficient for simulating neural activity
while maintaining manageable computational costs. However, the LIF neuron is
just one model among many available in the family of spiking neuron models, each
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Figure 2.16:Ideal behavior of the integrate and fire circuit with spike current
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Figure 2.17:Output current with constant current source

with different characteristics and capabilities.

Other models can be employed to fulfill the needs of specific neural network
tasks, depending on the desired level of biological realism, complexity, and the
network’s functional requirements. For example, the Integrate-and-Fire (IF) neuron
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Figure 2.18:Output current with constant spike source

is a simpler variant that excludes the leaky term, making it even less computation-
ally demanding, though at the expense of less biological accuracy. On the other
end of the spectrum, more complex models like the Hodgkin-Huxley (HH) [34]
neuron model simulate the detailed ionic mechanisms underlying action potential
generation, making it highly accurate for biological neural activity but far more
computationally intensive.

Additionally, the Izhikevich model [35] offers a middle ground between biolog-
ical realism and computational efficiency. It is capable of reproducing a wide
variety of spiking behaviors seen in biological neurons, such as bursting, regu-
lar spiking, and fast spiking, while remaining computationally lighter than the
Hodgkin-Huxley model. Similarly, the FitzHugh-Nagumo [36] [37] model provides a
simplified representation of neuronal activity, capturing essential features of spiking
and excitation without requiring the full complexity of ionic channel dynamics.

In summary, while the LIF neuron is commonly used due to its simplicity and
efficiency in the deep learning context, alternative spiking neuron models like the
IF, Hodgkin-Huxley, Izhikevich, and FitzHugh-Nagumo models offer varying levels
of complexity and biological fidelity, allowing neural networks to be tailored to the
specific demands of different tasks and applications.
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Chapter3

Relatedwork

Inrecentyears,therehasbeenarapidlygrowinginterestindevelopinglow-power
embeddedsystemscapableofefficientlyhandlingdeep-learningcomputations.This
surgeisdrivenbytheincreasingneedforAIandmachinelearningapplications
tobedeployedinresource-constrainedenvironmentssuchasIoTdevices,mobile
platforms,andedgecomputingsystems.Traditionaldeep-learningmodelsrequire
significantcomputationalpowerandenergy,whichisnotfeasibleforembedded
systemsthatoftenoperateonlimitedbatterylifeandprocessingcapabilities.As
aresult,researchersandengineersarefocusingonoptimizingneuralnetworkar-
chitecturesanddevelopingenergy-efficienthardwareacceleratorstoreducethe
computationalcomplexityandpowerconsumptionofdeep-learningtasksonem-
beddedplatforms.

OneofthefirsteffortsinachievingahardwareacceleratorIPforNeuralnet-
workwaspresentedatthe2018EmbeddedSystem WeekbyContietal.[38]which
earnedthemtheBestPaperaward.ThatworkaimedtodesignandBinaryneural
networkaccelerator,theXNORNeuralEngine,tightlyintegratedwithinamicro-
controllerandevaluateitsintegrationinasimple,yetpowerful,microcontroller
system.TheIPblock,evenifcompact,isdesignedtoovercomeseverallimitations
typicallyassociatedwithsoftware-basedimplementations.Oneofthekeychallenges
insoftware-basedimplementationsisthehighstoragerequirements,whichstem
fromtheneedtohandlelargeamountsofdata,weights,andintermediateresults
duringcomputation.However,byincorporatingoptimizedhardwarebufferswithin
theIPblock,datamanagementishandledmoreefficiently,significantlyreducing
theoverallstoragerequirements.Thesebuffersallowforfasterdataaccessand
minimizetheneedtoconstantlyreadandwritedatafromexternalmemory,which
canbeslowandpower-hungry.Additionally,software-basedimplementationsoften
requiretheadditionofcomplexinstructionstotheISA,notneededforahardware
accelerator.
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Anotherkeycomponentactivelyexploredbyresearcherstoachieveoptimized
managementofresourcesanddatainembeddeddeep-learningsystemsisthemi-
crocontroller.Thegrowingdemandforstudyingmorecomplexphenomena-such
asvibrations,audiosignals,videoprocessing,orbiologicaldata-hasledtothe
necessityofhandlinglargerdatasetsandperformingmoreintricatecomputationsin
realtime.Traditionalmethods,wherecomputationswerecentralizedinanetwork-
basedsolution,areincreasinglyinadequateduetothesheervolumeofdatabeing
transmitted.Thesecentralizedapproachesrequiresendingrawdatafromedge
devicestoacentralserverorcloudplatform,leadingtoexcessivebandwidthusage,
higherlatency,andpotentialbottlenecksincommunication.

Amoreeffectiveapproachtoaddressingthisprobleminvolvesshiftingthecom-
putationtowardsthe“edge”-movingdataprocessingclosertowherethedatais
generated,attheendnodes,suchassensorsormicrocontrollers.Inthisscenario,
thekeychallengeistoretainthelow-powercharacteristicsofamicrocontrollerwhile
simultaneouslyhandlingtheheavycomputationalworkloadstypicallymanagedby
digitalsignalprocessorsorparallelprocessors.

Toaddressthisissue,Pullinietal.developedMr. Wolf[39],astate-of-the-artmi-
crocontrollerthatintegratesafabriccontrollerpoweredbyahighlyprogrammable
parallelprocessingengine,specificallydesignedforflexiblemulti-sensordataanaly-
sis.Thesystem-on-chip(SoC)architecturereliesonapower-optimizedprocessor
andanI/Osubsystem,meticulouslydesignedtoefficientlyandrapidlymovelarge
volumesofdatabetweencomponents.Thiscarefuldesignensuresthatdatacanbe
processedwithminimaldelaysandenergyconsumption.Additionally,thesystem
featureseightfullyprogrammableprocessorsthatareequippedwithdigitalsignal
processing(DSP)extensionsandasharedfloating-pointunit(FPU),allowingitto
handlecomplexcomputationaltasks-suchassignalfiltering,imageprocessing,or
machinelearninginference-whilemaintaininglowpowerconsumption.

Additionally,theuseofSpikingNeuralNetworkshassparkedsignificantinterest
inthefieldofedgecomputingapplicationsduetotheirlowpowerconsumption
andsparsedataprocessingcharacteristics.Oneimplementationthatcoversseveral
aspectsalreadydiscussedinthischapterisingivenin[7].InthisreviewBarocci
etal.presentanintegrationoftheReckOndigitalneuromorphicprocessorwiththe
PULPissimoRISC-VsinglecoremicrocontrollertoenableedgeIoTapplications.
ThechoiceofusingReckOn,oneoftheopen-sourcespikingrecurrentneuralnetwork
processorsdevelopedbyFrenkelandIndiveri[40],liesinagreaterenergyefficient
joinedwithahighernumberofneuronsandsynapsespercore.
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Preliminarywork

Movingontothepracticalaspectofthisthesis,thefirststepinimplementingthe
frameworkistooutlinetheworkflow.Inthistypeofactivity,itisessentialto
verify,stepbystep,thateachcomponentcaneffectivelyinteractwiththeothers.It
isalsocrucialtomaintainacomprehensiveviewoftheentiredevelopmentprocess
sothatincompatiblecomponentscanbeidentifiedandreplacedasneeded.The
strategyappliedconsistedofthefollowingsteps:

•Evaluatingoftheavailablechoicesintermsofworkingplatformanddeveloping
boards.

•Buildingadummyversionoftheframeworktotestthecomponentscompati-
bility.

•Poweringthedevicewiththehardwareaccelerator.

Beforebeginningthehands-onwork,thePULPplatformwasselectedtohostthe
framework,giventhatitsimplementationwasfeasiblewithsomeoftheFPGAs
availableattheuniversitylaboratory. WithinthePULPenvironment,several
optionswereconsidered,butthemostreasonablechoiceneededtobebothstable
andcapableofdeliveringacceptableperformance,particularlyforAIapplications.
Asaresult,theoptimaltrade-offappearedtobethePULPissimomicrocontroller.
Thenextstepinvolvedverifyingitscompatibilitywiththeavailableboard.

AsstatedintheGitHubrepositoryofPULPissimo[41],insidethetarget/fpga
section,thereareready-madescriptsforSynthesisandImplementationforXilinx
Vivadoforthefollowingdevelopmentboards:

•DigilentGenesys2

•XilinxZCU104
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•XilinxZCU102

•XilinxVCU108

•DigilentNexysBoardFamily

•ZedBoard

ConsideringthattheZCU102boardhasallthefeaturesneededtohosttheframe-
work,itappearedtobethebestchoice.Afterthepreliminaryconclusionsregarding
theworkingenvironment,itispossibletomovetofieldworkprogrammingthe
FPGA.

4.1 FPGAprogramming

Firstofall,itisusefultobrieflyintroducethedevelopmentboard,theZynq
UltraScale+MPSoCZCU102showninpicture4.1.

Figure4.1:ZCU102[42]

4.1.1 ZCU-102

ThisboardwiththerestoftheZynqlinehasbeenproducedbythehistoriccom-
panyXilinxuntil2022whenAMDcompletedtheacquisition,thenalltheproducts
arebrandedunderAMD.TheZynq™UltraScale+™providesaMulti-processor
SystemonChip(MPSoC)withapowerfulPSanduserPLintothesamedevice.
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ThePSfeaturesaquad-coreordual-coreprocessorasanAcceleratedprocessing
unit(APU),adual-corereal-timeprocessor(RPU),andagraphicalprocessorunit
(GPU).

Inparticular,theZCU102whoseblockdiagramisshownin4.2ispoweredbythe
XCZU9EG-2FFVB1156EMPSoCasconcernsthePSside,whilethePLcanexploit
upto600hundredofLUTs.Theboardconfigurationiscarriedoutbyonboard
JTAG,throughUSB,ARM20-pinheader,orPC4header,butalsoSDcardand
QSPIcanbeusedforprogramming.Inaddition,communicationprotocolslike
UARTandI/OportsshuchasHDMI,SATA,andEthernetareintegratedwith
theboard.ThePLcanbeaccessedandthenprogrammedusingthesoftwaresuit

Figure4.2:ZCU102blockdiagram
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Vivado,developedbyAMD.Thispowerfultoolallowstosynthesisandanalysisof
hardwaredescriptionlanguage(HDL)devicesthankstoatoolchainthatconverts
Ccodeintoprogrammablelogic.Thesuitehasfourcomponents:

•VivadoHigh-LevelSynthesiscompiler:EnablesC,C++andSystemCtobe
usedinsideXilinxdeviceswithouttheneedtomanuallycreateRTL.

•VivadoSimulator:Itisacompiled-languagesimulatorthatsupportsmixed-
language,TCLscripts,encryptedIPandverification.

•VivadoIPintegrator:allowstoquicklyintegrateandconfigureIP.

•VivadoTCLstore:canbeusedfordevelopingadd-onstoVivado.

ToworkwithVivadosuiteitispossibletodownloadonyourowncomputerwith
GNU-LinuxorMicrosoftoperatingsystem,evenifitiseasiertoexploitscripting
insidetheLinuxenvironment.Inaddition,itisimportanttoclarifythatthe
evaluationboardscontainalicensethatisnecessarytodownloadtheenterprise
version,onthecontrary,thelicensehastobebought.

4.1.2 PULPissimorepository

AbrieflyoverviewofthePULPissimohierarchyisgiventointroducethestructureof
theplatformandinparticulartheSoCisdetailed.Themodulepulpissimo.svisthe

pulpissimo.sv
pulp_domain.sv
pulp_soc.sv
fc_subsystem.sv
fc_hwpe.sv

soc_interconnect_wrap.sv
soc_interconnect.sv
interleaved_crossbar.sv
contiguous_crossbar.sv

dmi_jtag.sv
tcdm_arbiter_2x1.sv
apb2per.sv

padframe_adapter
addr_decode
rst_gen
clk_gen

Figure4.3:PULPissimoprojectorganization
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defaulttop-levelentityofPULPissimousedasthebasisforASICimplementations
andRTLsimulation.Itinstantiatestheclockgenerationandpadmultiplexing
IPaswellasthesoc_domain(whichwrapsalmosttheentirelogicofpulpissimo
fromtheexternalpulp_socrepository)itisinstantiatedthroughthepulp_domain
module.Inaddition,alsothedefaultfeaturesofthemicrocontrolleraredefined:

•CORE_TYPE:definewhichcoreusing

–0:CV32E40P(default)

–1:IBEXRV32IMC(formerlyZERORISCY)

–2:IBEXRV32EC(formerlyMICRORISCY)

•USE_XPULP:default1,meansthatextensionisenabled.

•USE_FPU:onlyforCV32E40P,includetheFPUinsidethedesign.

•USE_HWPE:enabletheHardwareprocessingengine.

Insidethetop-levelentity,pulp_domainmoduleisinstantiatedandalltheconnec-
tionsaremade,whileitisdescribedseparatelyinpulp_domain.sv.Thismodule
aimstotieoffunnecessarysignalsandexposeonlythesignalsrequiredforPULPis-
simo,thenpulp_socretrievedfromanotherrepositoryisinstantiated.

Themodulepulp_socsketchedin4.4istheactualheartofthePULPissimo
SoCandcontainsthekeymodulesinsidethearchitecture:

•fc_subsystem:includesalltheIPrelatedtothefabriccontrollerandparticu-
larlytheHWPE[38]thatwillbecoveredin4.2.

•soc_interconnect_wrap:enclosesthesoc_interconnectmodule,butalsothe
interfacestodoconnectmemory,coreandperipherals.

•dm_top:Top-levelofdebugmodule.ThisisanAXI-Slave.

•TherearealsoanAPB-to-PeripheralinterconnectprotocoladapterandTightly
CoupledDataMemory(TCDM)multiplexer.

Insidesoc_interconnect_wrapthereareAdvancedextensibleinterfaceAXIand
TCDMbuses,butthemainmoduleissoc_interconnect.Thismodulehandlesthe
differentmemoryregionsbutalsoperipherals.Thefirststageofinterconnectionis
ademultiplexerdedicatedtoL2memory,wherethefirstslaveportroutestothe
axicrossbar,thesecondslaveportroutestothecontiguouscrossbarandthethird
slaveportconnectstotheinterleavedcrossbar.
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 Interconnect

Figure 4.4:PULP System on Chip [43]

The AXI crossbar accepts a set of address-to-slave port mapping rules and de-
codes the transaction address accordingly. Illegal addresses that do not map to
any defined address space are answered with a decode error and Read Responses
contain the data "0xBADCAB1E". Acontinuous crossbaris a fully connectedbus
with combinational arbitration (logarithmic Interconnect). Internally, there is an
address decoder that matches each master port address against a number of address
range to output port mapping rules. Addresses not matching any of the address
mapping rules will end up on a default port that always grants the request and in
the case of a read access, responds with the word "0xBADACCE5". Interleaved
Crossbar is a fully connected crossbar such as the contiguous one. It arbitrates
from the master ports from the L2 demultiplexer and the interleaved-only master
ports (ports that do not have access to the other address spaces) to the TCDM
slaves with address interleaving. That is, the least significant bits of the address
are used to select the slave port. This results in a more equal load on the SRAM
banks when the master sequentially accesses memory regions. Slaves that cannot
respond within a single cycle must appropriately delay the assertion of thegnt
(grant) signal.
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4.1.3 Environmentsetup

TheprimarygoalistointegratethePULPmicrocontrollerintotheFPGA,and
therearetwoapproachesavailableforthispurpose.Thefirstapproachisthesimpler
option,asitinvolvesdownloadingthebitstreamfromtherepositoryandloading
itintotheProgrammableLogic.Thismethodprovidesaready-to-useversionof
theenvironmentforrunningprogramsbutdoesnotallowmodifications,makingit
unsuitableforimplementingahardwareaccelerator.Thesecondapproach,known
asthefullflow,isdetailedintherepository’sREADMEpageandinvolveslocally
buildingthesourcesbeforesynthesizingthedevice.Althoughthisapproachismore
complex,itallowsforfullcustomizationofthedevice,includingtheadditionof
custommodulesandconfigurationchanges.Theintegrationofnewintellectual
properties(IPs)isstreamlinedbyusingBender,asdescribedinAppendixA.

Tobegin,onecaneitherdownloadareleaseversionofPULPissimoorforkand
clonethemostup-to-dateversion.ThePULPplatformprovidesMakefiletargets
tofacilitatestandardtaskssuchasbuilding,synthesis,andbitstreamgeneration.
Oncetheprocessiscomplete,thebitstreamfilefortheJTAGconfigurationof
theFPGAcanbeloadedusingVivado’shardwaremanager.Thepurposeofthe
MakefiletargetistoverifythecorrectversionofeachIPrequiredbythetop-level
moduleandthentraversethehierarchytoresolvealldependencies.Thistaskis
managedbytheBendersoftware,whichreliesonindependentGitHubrepositories
toensurethatsourcefilesareeitherup-to-dateorproperlyarchived.

Alternatively,thesimulationplatformforthePULPissimoplatformcanalsobe
builttoconductsimulations.ThiscanbeachievedusingtheMakefiletargets,but
itrequiressimulationtoolssuchasQuestasimorXcelium.SimilartotheFPGA
process,thesourcefilesmustfirstbeverifiedandupdatedifnecessary,basedon
thestandardfilesassociatedwitheachIP.Oncethisverificationiscomplete,the
simulationplatformcanbebuilt,leveragingthescriptsprovidedbyBenderto
streamlinetheprocess.

4.2 Hardwaredesigning

OnceunderstoodhowtheFPGAcanbeprogrammedtohostthePULPplatform
itistimetocustomizePULPissimowith,atfirst,adummymoduletounderstand
theintegrationprocessassuggestedin[43].Firstofall,aGitHubrepositorycan
betherightchoicetokeepthesourceundercontroland,atthesametime,exploit
thepowerfulfeaturesprovidedbyBender.Therepositorycanbeorganizedasin
figure4.5,thepurposeofthemodulesinsidethertldirectoryisjusttonotifythe
successoftheintegrationprocedure.Thus,thetop-levelentitycanbeinstantiated
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dummy_ip/
rtl/
dummy_top.sv
dummy_submodule.sv

include/
dummy_header.svh
dummy_ip/

Bender.yml

Figure4.5:Repositoryorganization

withinthepulp_socmodulewithoutrequiringanyspecialconnections. Within
thesub-module,commoncellsareinstantiatedtoensuretheproperdeclarationof
dependencies,asmanagedbyBendersoftwareaccordingtotheconfigurationfile
Bender.yml.Finally,thehardwarecanbeverifiedthroughsoftwaresimulation,as
detailedinSection4.3.Althoughthisinitialapproachisrelativelystraightforward,
itprovidesvaluableexperienceinmanagingIPs,particularlywithBender.Addi-
tionally,theintegrationprocessclarifiestheroleofkeycomponentsinPULPissimo,
suchasthepulp_socmodule.

4.2.1 WideALUexample

Afterthefirstintegrationexperienceitispossibletoincreasethelevelofthetraining
inordertorealizearealisticbutsimplemodule,followingtheindicationspresented
in[44].Thepurposeofthismoduleistoaccepttwonumbersupto256-bitwide
andperformsomearithmeticorlogicoperation.Inthisexampleisneededtomove
datainordertoreachthehardwaremodule,soanAXIbusisusedtoperformthe
link.Inaddition,thetoolregtool.py,detailedintheappendixB,isusedtodescribe
thedatastructurerequiredbythemoduleinsteadofmanuallyconnectingeachport.

Firstofall,insidethepulp_socmoduleanadditionalAXIbusisinstantiated
anthenconnectedontheaxi_slaveportofthewide_alu_topIP.

1 //MY WIDE ALU IP
2 AXI_BUS #(
3 .AXI_ADDR_WIDTH (32 ),
4 .AXI_DATA_WIDTH (32 ),
5 .AXI_ID_WIDTH ( AXI_ID_OUT_WIDTH ),
6 .AXI_USER_WIDTH ( AXI_USER_WIDTH )
7 ) s_wide_alu_bus ();
8
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9

10 wide_alu_top #(
11 .AXI_ADDR_WIDTH ( AXI_ADDR_WIDTH ),
12 .AXI_ID_WIDTH ( AXI_ID_OUT_WIDTH ),
13 .AXI_USER_WIDTH ( AXI_USER_WIDTH )
14 ) i_wide_alu (
15 .clk_i ( soc_clk_i ),
16 .rst_ni ( soc_rstn_synced_i ),
17 .test_mode_i ( dft_test_mode_i ),
18 .axi_slave ( s_wide_alu_bus )
19 );

Inthesoc_interconnect_wrapmodulethereistheconfigurationoftheAXIcrossbar
rules,neededtocorrectlyaddressthedata.Inaddition,oneextramasterport
reservedtothewide_alu_slaveisadded,thentheportisincludedalsoinsidethe
soc_interconnectmodule.

1 module soc_interconnect_wrap
2 import pkg_soc_interconnect::addr_map_rule_t;
3 #(...)(
4 AXI_BUS.Master wide_alu_slave //MY WIDE ALU IP
5 )
6 ...
7 localparam NR_RULES_AXI_CROSSBAR =3;
8 localparam addr_map_rule_t [NR_RULES_AXI_CROSSBAR-1:0]
9 AXI_CROSSBAR_RULES = ’{
10 ’{idx:0, start_addr: ‘SOC_MEM_MAP_AXI_PLUG_START_ADDR,

end_addr: ‘SOC_MEM_MAP_AXI_PLUG_END_ADDR},
11 ’{idx:1, start_addr: ‘SOC_MEM_MAP_PERIPHERALS_START_ADDR,

end_addr: ‘SOC_MEM_MAP_PERIPHERALS_END_ADDR}},
12 ’{idx:2, start_addr: ‘SOC_MEM_MAP_WIDE_ALU_START_ADDR,

end_addr: ‘SOC_MEM_MAP_WIDE_ALU_END_ADDR}};
13 ...
14 AXI_BUS #(
15 .AXI_ADDR_WIDTH (32 ),
16 .AXI_DATA_WIDTH (32 ),
17 .AXI_ID_WIDTH ( pkg_soc_interconnect::AXI_ID_OUT_WIDTH ),
18 .AXI_USER_WIDTH ( AXI_USER_WIDTH )
19 ) axi_slaves[3]();
20

21 ‘AXI_ASSIGN(axi_slave_plug, axi_slaves[0])
22 ‘AXI_ASSIGN(axi_to_axi_lite_bridge, axi_slaves[1])
23 ‘AXI_ASSIGN(wide_alu_slave, axi_slaves[2])

Thewide_alu_topmoduleisusedtowraptheinputandoutsignals,butalso
instantiatetherequiredinterfacesbetweentheAXIbusandtheregisters,and
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configuretheregisterfiledefinedseparately.ThecoreoftheIPisthewide_alu
entity,whereanthreestagesfinitestatemachine(FSM)isexploitedtohandlethe
operations.

Inadditiontothehardwaredescription,thisexamplegivestheopportunityto
practisealsotheuseofthesoftwarelevel.Indeed,inordertoperformthedesired
operationthroughthewide_aluadriverinneededandhastobecompiledwithin
themainapplication.

4.3 Softwaredeveloping

ThesoftwaresideoftheimplementationcanbeachievedbyexploitingtheC
languageandtheheaderfileproducedbyregtooltoeasilyaddressthememory
mapped-peripherals.Firstly,insidethemain.cfilethememoryisreservedforthe
inputandoutputfields,andthentwovaluesaresettoprepareanexample.

1 uint32_ta[32];
2 uint32_tb[32];
3 uint32_t result[64];
4

5 memset(a,0,sizeof(a));
6 memset(b,0,sizeof(b));
7 memset(result,0,sizeof(result));
8

9 a[0]=3;
10 b[0]=5;

Thus,withtheaimofshowhowitispossibletoconfigurethehardware,adecelerator
factorissetwiththefunctionset_delayexploitingagaintheregisterinterface
producedbyregtool.

1 void set_delay(uint8_t delay)
2 {
3 uint32_t volatile * ctrl2_reg =(uint32_t*)(

WIDE_ALU_CTRL2_REG_OFFSET + WIDE_ALU0_BASE_ADDR);
4

5 uint32_t ctrl2_old_value;
6

7 //Read old value
8 ctrl2_old_value =*ctrl2_reg;
9

10 //Overwrite operation bits
11 *ctrl2_reg = ctrl2_old_value |(delay& WIDE_ALU_CTRL2_DELAY_MASK)

;
12 }
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Insidethewide_alucodeitisusefultohighlighttheroleofthefunctionpool_done
whereitisusedthestatusregistertoknowifthehardwareisidle,pendingorshows
someerrors.

1 int poll_done(void)
2 {
3 uint32_t volatile * status_reg =(uint32_t*)(

WIDE_ALU_STATUS_REG_OFFSET + WIDE_ALU0_BASE_ADDR);
4 uint32_t current_status;
5

6 do{
7 current_status =(*status_reg)&WIDE_ALU_STATUS_CODE_MASK;
8 }while(current_status == WIDE_ALU_STATUS_CODE_VALUE_PENDING);
9

10 if(current_status == WIDE_ALU_STATUS_CODE_VALUE_IDLE)
11 return 0;
12 else
13 return current_status;
14 }

Thus,similarly,theresultiswrittenbythehardwareansavedinmemorytobe
printedasaconfirmoftherightbehavioroftheimplementation.

Inordertoevaluatetheperformanceofthedeviceandchecktheaccuracyof
theresultitispossibletoexploitthePULPruntimeroutinetocompileandsimu-
latethemoduleinsidethePULPissimomicrocontroller.Thisoperationisperformed
sourcingthemakefileinthedirectory<PULP_RUNTIME_HOME>/install/rules/
pulp_rt.mkspecifyingtheparameterslikethedesiredinput-outputmethod,e.g.
UART.Thisfileincludesanotherfilespecifictothetarget,PULPissimo,and
definestheparametersusedduringthecompilationandsimulation.Intheend,
theapplicationisrunaccordingtothedesiredspecification.

4.4 RISC-Vprogramming

Afterthesoftwareprogramming,thelastsectionisentirelyfocusedonthewayto
access,program,anddebugthecorefromthecomputerinterface.Thefirststep,as
saidpreviously,istoloadthebitstreamexploitingtheVivadohardwaremanager
eitherbythegraphicuserinterface(GUI)orthebatchmode.Thisactionconsists
ofeffectivelyprogrammingthehardwaretoexecutethedesiredfunctionality.Thus,
thenextcrucialstepistoestablishcommunicationbetweentheFPGAandthe
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computer.Thiscanbeachievedthroughvariousinterfaces,suchasJTAG.

TheZCU102evaluationboardcanbeconnectedtothehostcomputerexploiting
theDigilentJTAG_2_NCconnectortoloadthebitstream,whilethePMODGPIO
headeritisusedtoreachdirectlytheRISC-V,thesepinsaremappedtothecore
duringthesyntheses.ThisconfigurationisavailablethankstotheJTAGchain
depictedinfigure4.6.

Figure4.6:JTAGChainblockdiagram[45]

WiththeFPGAprogrammedandcommunicationestablished,debuggingcan
begin.Aspreviouslysaid2.3.1,amodifiedRISC-VGNUtoolchainisincludedto
powertheframeworkwithatoolusedtogenerateanExecutableandLinkable
Format(ELF)file,fromthedesiredapplication.Thus,theOpenOn-ChipDebugger
(OpenOCD),createdbyDominicRath,isexploitedinconjunctionwithGDBto
communicatewiththeinternalRISC-Vdebugmodule.PULPplatformprovides
severalstandardconfigurationfilesforsomeboardsinordertoeasetheuseofthe
debuggerinterface.Theconfigurationfileisrelatedtotheprogrammingdeviceused
tolinkthehostcomputerwiththeboard.Inthelisting4.4itisshownthesettings
usedtocommunicatewiththeHS2programmingcable,ahigh-speedprogramming
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solutionforXilinxFPGAs.

1 adapter_khz 1000
2

3 # Digilent JTAG-HS1
4 interface ftdi
5 ftdi_vid_pid 0x04030x6014
6 ftdi_channel 0
7 ftdi_layout_init 0x00e80x60eb
8

9 set _CHIPNAME riscv
10

11 jtag newtap $_CHIPNAME unknown0 -irlen5-expected-id0x5fffedb3
12 jtag newtap $_CHIPNAME cpu -irlen5-expected-id0x50001db3
13

14 set _TARGETNAME $_CHIPNAME.cpu
15 target create $_TARGETNAME riscv -chain-position $_TARGETNAME -

coreid0x3e0
16

17 gdb_report_data_abort enable
18 gdb_report_register_access_error enable
19

20 riscv set_reset_timeout_sec 120
21 riscv set_command_timeout_sec 120
22

23 #prefer to use sba for system bus access
24 riscv set_prefer_sba on
25

26 #dump jtag chain
27 scan_chain
28

29

30 init
31 halt
32 echo"Ready for Remote Connections"

Inaseparateterminal,itispossibletolaunchthecustomizedversionofGDB
providedbythePULPplatformpassingtheELFfileasanargument.Inathird
terminallaunchaserialportclientonLinuxisusedtoredirecttheUARToutput.In
conclusion,itispossibletodebugtheprogramusingthefollowingGDBcommand:

1 target remote localhost:3333
2 load
3 continue
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Methods

A detailed description of the architecture can be introduced through the schematic
view presented in figure5.1. Firstly, as introduced in Chapter2, the only interface

Figure 5.1:System on Chip schematic

between the IP and the rest of the SoC is represented by the AXI bus, referred to as
thes_spiker_adapter_wbus. The other two signals are the clock and reset signals.
The AXI bus enables connection to the memory and facilitates both requests and
responses handled by the CPU. Additionally, the overall organization of theSpiker
adaptermodule can be seen, featuring its three main components:
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•AXI to REG interface: This component contains several macro and in-
terfaces used to pack and unpack the data according to the AXI protocol,
minimizing unnecessary signals.

•Register file: As previously introduced, it is generated exploit theregtool
software.

•Spiker: The main component of the IP, which includes both the modules re-
sponsible for managing data and control movement, as well as the computation
engine.

Figure5.2presents an exploded view of the bridge between the AXI slave input
and the register file to highlight the connections between the different modules.
[ht] The first module called theAXI to REG interface, adapts the AXI protocol

Figure 5.2:Spiker adapter detailed schematic

to the register file structure while preserving the interface’s nature. Specifically,
the conversion from theinterfaceto two separatestructs, which allows easy access
to the internal fields, is handled by theREG BUS ASSIGN. Finally, these are
connected to the auto-generated register, while two other structs perform a similar
function for the core of the IP,Spikerwhich is further exposed in figure5.3. Thus,
the moduleSpiker Readeris responsible for unrolling the registers that hold the
incoming data and presenting all the bits in parallel to the input port of the
network. Moreover, it is in charge of notifying theSpikerengine whenever a new
sample is ready to be processed through theSample Readysignal, while the signal

44



Methods

Figure 5.3:Spiker schematic

calledStartis used at the beginning of the task. On the other side of theSpiker
schematic, theSpiker Writermodule is implemented to divide the computation
result into multiple registers, while the control signals allow theNetworkto know
when it is ready to receive new data. The core of the computation is theNetwork
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Figure 5.4:Spiker waves

module, which contains all the hardware responsible for analyzing incoming spikes
and processing responses. The behavior of this component is illustrated in Figure
5.4, showing the input and output signals. Specifically, when theNetworkmodule
is started, if thesample readysignal has already been received, it notifies the rest
of the framework that it is ready. For each incoming data point, thesamplesignal
acknowledges that the information has been correctly received. At the end of the
burst, when thesample readysignal is deactivated, thereadysignal confirms the
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successfulcompletionoftheexchange.

Theacceleratorconsistsoftwolayersusedtoprocessincomingandoutgoing
signalsbetweenthespikingcoreofthenetworkandtheexternalmodules.Addi-
tionally,aclock-drivenmechanismupdatesthemembranepotentialateachclock
cycle,providingapurelyevent-drivenarchitecture. Thereisalsoanarbitrary
numberofhiddenlayersconnectedinafeed-forwardstructure,designedtoperform
computationsorganizedintotemporalsteps. Whentheinnerarchitectureisready,
itnotifiestheCU,whichsendsanewsetofspikesandinitiatesthecomputation.
Similarly,whenthecomputationends,theCUisnotifiedagain,allowinganew
computationtobegin.
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Results

Inordertoverifythecorrectnessoftheimplementedmodel,astep-by-stepverifica-
tionhasbeenperformed.Firstly,theNetworkmodulehasbeentestedseparately
fromtherestofthearchitecturewiththeaimoffindinganinputvaluesuitable
tobeusedasatestcasetoprovetheimplementation.Then,asoftware-based
simulationperformedthroughtheQuestasimsoftwareandprovidedbythePulp
platformisexploitedtocheckthebehavioroftheentireIPattheregister-transfer
level.Inconclusion,thebitstreamisdownloadedinsidetheFPGAinorderto
simulatethehardwareimplementation,accessingthecorethankstoGDB.

6.1 Softwaresimulation

TodemonstratehowtheNetworkmoduleshouldrealisticallyfunction,themock-up
testbenchshowninlisting6.1isusedtostimulatethemoduleandobservethe
results.Thetestbenchachievesitsgoalbychangingthevalueoftheinputsignalat
eachsampleaccordingtotheprotocolexpectedbythemodule.Additionally,the
simulationbeginsonlywhenthereadysignalindicatesthattheNetworkisready
toreceivethesamples.Attheendofthesimulation,thesample_readysignalis
settozerotostoptheoperation. Meanwhile,amonitorisusedtodisplayuseful
debugginginformationforthearchitecture.

1 // Clock generation
2 initial begin
3 clk=0;
4 forever #5 clk=~clk;// 100 MHz clock
5 end
6

7 // Stimulus generation
8 initial begin
9 // Initialize signals
10 rst_n=0;
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11 input_signal =4’hF;
12 sample_ready =1;
13 start=0;
14

15 // Apply reset
16 #10
17 rst_n=1;
18 @(posedge ready);
19 start=1;
20

21 // Wait for sample togo high
22 @(posedge sample);
23 input_signal =4’he;
24

25 @(posedge sample);
26 input_signal =4’hd;
27

28 @(posedge sample);
29 input_signal =4’hc;
30

31 @(posedge sample);
32 input_signal =4’hf;
33 @(posedge sample);
34 input_signal =4’hf;
35 @(posedge sample);
36 input_signal =4’hf;
37

38 #10
39 @(posedge ready);
40 sample_ready =0;
41

42 end
43

44 // Monitor outputs
45 initial begin
46 $monitor("At time%t,start=%h, input_signal =%h,

output_signal =%h, sample_ready =%h,ready=%h,sample=%h"
,$time,start,input_signal,output_signal,sample_ready,
ready,sample);

47 end

Asaresult,thewaveformsinFigure6.1illustratetheinternalbehaviorofthe
acceleratoranditsresponsetothestimuliprovidedbythetestbench.Thedesired
proof,whichdemonstratesthattheinputsignalshavebeenprocessedandproduce
avalidnon-zerooutput,isobtainedafter625µs,whentheoutput_signalequals
2.Subsequently,theNetworkmoduleisintegratedintothePulpSoCtovalidate
theentirearchitecturewithinasimulatedenvironmentbuiltusingQuestasim
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Figure6.1:Networksimulationwavegraph

softwareanddrivenbyC-basedsourcecode.Thissimulationaimstoreplicatethe
samestimuliasintheprevioustest,butwiththemicrocontrollermanagingthe
configurationandoperationofthemodulesbasedoninstructionsprovidedbythe
sourcecodereportedinlisting6.1.

1 #include <stdint.h>
2 #include <stdio.h>
3 #include"pulp.h"
4 #include"spiker_adapter.h"
5

6 #define SPIKER_ADAPTER_BASE_ADDR 0x1A400000
7 #define SPIKER_ADAPTER_CTRL1_MASK 0x1
8

9 int __rt_fpga_fc_frequency = 20000000;
10 int __rt_fpga_periph_frequency = 10000000;

Firstly,thebaseaddressforthememorymappedperipheralcalledSpikeradapter
andthemaskusedforthefieldsinsidethecontrolregisteraredefined.Then,thetwo
weeklydefinedvariablerelatedtothefabriccontrollerandtheperipheralfrequency
areredefinedaccordingtothevaluessetduringtheFPGAimplementation.

1 int main()
2 {
3 printf("Hello World!\n");
4

5 uint32_t buffer[SPIKER_ADAPTER_SPIKES_MULTIREG_COUNT];
6 memset(buffer, 0,sizeof(buffer));
7 buffer[0]=0x89ABCDEF;
8 printf("Buffer[0] content is%x\n",buffer[0]);
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9

10 printf("The address of buffer is%x\n",&buffer);

Subsequently,thebufferusedtoholdthestimuliforthesimulationisinitialized
andcanbeimmediatlycheckedduringthedebug.

1 // Set up the pointers to the registers
2 uint32_t volatile *spiker_adapter_ctrl1 =(uint32_t *)(

SPIKER_ADAPTER_BASE_ADDR + SPIKER_ADAPTER_CTRL1_REG_OFFSET);
3 uint32_t volatile *spiker_adapter_status =(uint32_t *)(

SPIKER_ADAPTER_BASE_ADDR + SPIKER_ADAPTER_STATUS_REG_OFFSET);
4

5 // Set up the pointers to the DATA registers
6 uint32_t volatile *spiker_adapter_reg =(uint32_t *)(

SPIKER_ADAPTER_BASE_ADDR + SPIKER_ADAPTER_SPIKES_0_REG_OFFSET);
7 uint32_t volatile *spiker_adapter_res =(uint32_t *)(

SPIKER_ADAPTER_BASE_ADDR +
SPIKER_ADAPTER_SPIKES_RESULT_0_REG_OFFSET);

Thebaseaddressalreadymentionedandtheoffsetsdefinedintheauto-generated
headerfilecalledspiker_adapter.hareusedtoaddressthefieldsoftheregisterfile
forbothcontrolsignalsanddata.

1 // Write to the accelerator interface (spiker_reg)
2 for(size_ti=0;i<SPIKER_ADAPTER_SPIKES_MULTIREG_COUNT -

23;i++)
3 {
4 spiker_adapter_reg[i]=buffer[i];
5 asm volatile ("":::"memory");
6 }
7

8 // SAMPLE_READY <=1(Accelerator can read the data)
9 uint32_t old_ctrl1 =*spiker_adapter_ctrl1;
10 *spiker_adapter_ctrl1 = old_ctrl1 |(1<<

SPIKER_ADAPTER_CTRL1_SAMPLE_READY_BIT);
11 printf("Samples are ready(sample_ready)ctrl1=%x\n",*

spiker_adapter_ctrl1);
12

13 // START <=1
14 old_ctrl1 =*spiker_adapter_ctrl1;
15 *spiker_adapter_ctrl1 = old_ctrl1 |(1 <<

SPIKER_ADAPTER_CTRL1_START_BIT);
16 printf("I’ve started the accelerator (start)ctrl1=%x\n",*

spiker_adapter_ctrl1);
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Aftertheconfigurationphase,thebufferisusedtowritetheregisterfile,including
alsoanoptionalmemorybreaktofurtherensuretherightbehavior.Thus,the
Networkmodulecanbestartedandproducearesult.Lastly,theresultisread
againcheckedthroughthedebugger.

1 // CHECK STATUS OF THE ACCELERATOR WAITING FOR READY
2 while ((*spiker_adapter_status &0x1)!=1)
3 {
4 printf("Waiting for the accelerator tobe ready\tstatus=

%x\n",*spiker_adapter_status);
5 }
6

7 // READ FROM MEMORY
8 for(size_ti=0;i<4;i++)
9 {
10 printf("Check:reg[%i]=%x\n",i, spiker_adapter_res[i]);
11 }
12

13 printf("JOB DONE\n");
14

15 return 0;
16 }

Thesourcecodeissubsequentlycompiledandusedasthebasisforhardware
simulation,replacingthetestbench.Thisapproachmirrorstheoneusedduring
FPGAimplementation,reliablyemulatingtheimplementedsolution.Theresulting
waveformisshowninfigure6.2,highlightinghowthehardwareaccelerator’sresult
iswrittenintotheregisterfileandthenbecomesavailableforreadingbytherest
ofthearchitecture.
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Figure6.2:IntelQuestasimsimulation

6.2 FPGAimplementation

Thefinalstepiscarriedouttoverifythatthisimplementationcaneffectively
provideareliablesolutiontoreducetheimpactofnetworkcomputationonpower
consumption. Arealisticimplementationofthenetwork,poweredbya748-bit
inputandproducinga10-bitoutput,isverifiedwiththegoalofobtainingaccurate
results.TheVivadosuiteisonceagainutilizedtogeneratethepowerreportstarting
fromtheimplementationperformedfortheZCU102board,asshowninfigure
6.3.Notably,theoverallpowerconsumptionofthemicrocontrolleralignswiththe
expectationsforalow-powerneuromorphicapplication,measuringjust902mW.
Inaddition,Figure6.4presentsarepresentationoftheFPGAareautilizationin
bothgraphicalandtextualformats.Thisresultdemonstratesthatthechoiceofthe
ZCU102EvaluationKitprovidesareasonablesafetymargin,althoughasmaller
developmentboardcouldalsobesufficient.
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Figure6.3:Powerreport

Figure6.4:ReportFPGAutilization
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Bender

BenderisadependencymanagementtooldesignedbyPULPplatformwiththe
aimofprovideanefficientwaytodefineandensuretherightdependencybetween
differentIPsinthesamehardwaredevice. Ontheotherhand,Benderoffers
otherfeaturestoverifythatthesourcefilesarevalidforEDAtoolswithoutany
assumptionsaboutthespecificsoftware.

First,BendercollectsallthesourcefilesofahardwareIP,maintainingtherequired
orderandsupportingbothSystemVerilogandVHDL.Italsomanagesinclude
directories.Additionally,BendertrackstheGithashofeachdependencyandstores
thisinformationintheBender.lockfile,enablingreproduciblebuilds.

1 package:
2 name: spiker_adapter
3 authors:
4 -"Renato Belmonte <renato.belmonte@studenti.polito.it"
5 dependencies:
6 common_cells:
7 {git:"https://github.com/pulp-platform/common_cells.git",

version:1.21.0}
8 axi:
9 {git:"https://github.com/pulp-platform/axi.git",version:

0.39.2}
10 register_interface:
11 {git:"https://github.com/pulp-platform/register_interface.git"

,version:0.4.1}
12 spiker:
13 {git:"https://github.com/RenatoBelmonte/spiker.git",rev:"

main"}
14 sources:
15 #spiker_adapter
16 defines:
17 files:
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18 -gen_sv/spiker_adapter_reg_pkg.sv
19 -gen_sv/spiker_adapter_reg_top.sv
20 -rtl/spiker_writer.sv
21 -rtl/spiker_reader.sv
22 -rtl/spiker_adapter.sv
23 vlog_opts:
24 --L register_interface_lib

ListingAshowstheBenderfileusedintheSpikeradapterrepository.Afteran
initialsectioncontainingpackageinformation,thedependenciesarelistedinthe
dependenciessectionofthepackagemanifest.Thesesourcesareretrievedfrom
thespecifiedGitHubrepositories,andcanbereferencedusingeitheraversionora
target,suchasmain.Thesourcesectiondefinesthesourcefilesorgroupsofsource
filesusedinthedesign,withtheoptiontospecifywhichfilesorgroupstoinclude
orexclude.

Moreinformation,includingthesourcecode,examplesandacomprehensivelistof
availablecommands,canbeaccessedfromtheofficialdocumentation[46]

55



AppendixB

Regtool

TheregistertoolispartofOpenTitan,theopensourcesecuresiliconecosystem
administeredbylowRISCCIC.Itisusedtoconstructregisterdocumentation,
registerRTLandheaderfiles.Specifically,thestandaloneversionreliesonpython3
toreadconfigurationandregisterdescriptionsinavariantoftheJavaScriptObject
Notation(JSON)format,HJSON,andgeneratevariousoutputformats.Amore
comprehensiveexplanationofthetoolitisprovidedbyOpenTitanontheofficial
website[47]

Specifically,theexampleinBdemonstrateshowtheregisterfilefortheSpiker
adaptermoduleisgenerated.Theprimaryinformation,suchastheclocknameand
theinterfaceused,isdeclaredatthebeginningofthefile.Theregistersarethen
describedeitherindividuallyoringroups,knownasmultireg,usingacombinationof
optionalandmandatoryfields.Theoptionalfieldsprovidesignificantcustomization
oftheregisterbehavior,allowing,forexample,enhancedsecurityorreliabilityof
thestoreddata.Tothisend,theswaccessandhwaccessfieldscontrolaccesstothe
informationwithintheregisters.

1 {
2 name:"spiker_adapter",
3 clock_primary:"clk_i",
4 reset_primary:"rst_ni",
5 bus_interfaces:[{protocol:"reg_iface",direction:

"device"}],
6

7 regwidth:"32",
8 registers:[
9 {multireg:
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10 {name:"SPIKES",
11 desc:"SubwordofSpikes",
12 count:"25",
13 cname:"SPIKES",
14 swaccess:"rw",
15 fields:[
16 {bits:"31:0"
17 }
18 ],
19 }
20 },
21 {multireg:
22 {name:"SPIKES_RESULT",
23 desc:"Subwordofresults.",
24 count:"4",
25 cname:"SPIKES_RESULT",
26 swaccess:"ro",
27 hwaccess:"hwo",
28 hwext:"true",
29 fields:[
30 {bits:"31:0"
31 }
32 ],
33 }
34 },
35 {name:"CTRL1",
36 desc:"Controls handshaking signalofthe

accelerator.",
37 swaccess:"rw",
38 hwaccess:"hro",
39 fields:[
40 {bits:"0",name:"SAMPLE_READY",
41 desc:"Signalsthepresenceofanew

sample."
42 }
43 {bits:"1",name:"START",
44 desc:"Signals that SPIKERcanstart."
45 }
46 ]
47 },
48 {name:"STATUS",
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49 desc:"Containsthecurrent statusofthe
accelerator.",

50 swaccess:"rw",
51 hwaccess:"hwo",
52 fields:[
53 {bits:"0",name:"SAMPLE",
54 desc:"Signals that SPIKERisreadyfor

thenext sample."
55 }
56 {bits:"1",name:"READY",
57 desc:"Signals that SPIKERishasanew

result."
58 }
59 ]
60 }
61 ],
62 }
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