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Abstract

Two majoradditionsto theBalsaasynchronouscircuit synthesissystemarepresented.

Firstly,anew back-endfor generatingVLSI andFPGAimplementationsof Balsadescriptions

isdescribed.Thisback-endallowsparameterisedgenerationof handshakecomponentsfrom

templatedescriptions.

Secondly, a new methodfor producinghandshakecircuitswhicharebetteroptimisedduring

constructionis described.A numberof new handshakecomponentsareintroduced.Eachof

thesecomponents,by virtueof their greaterdegreeof parameterisation,canreplaceclusters

of existinghandshakecomponents.Theseparameterisedcomponentsareusedto implement

bespoke synchronisation,encoding/decodingandbitwiseword division/constructionopera-

tionsusingcomponentspecificoptimisationswhich replacethe,potentiallydangerous,gate

level optimisationspreviouslyused.

ThedesignandVLSI implementationof a substantialtestdesignusingBalsa,a 32 channel

DMA controller, is also presented.This DMA controller was constructedas part of the

AMULET3i asynchronousprocessormacrocell. It is a hybrid synchronous/asynchronous

designusinga combinationof full custom,handdesignedstandardcell andBalsasynthesis.

The AMULET3i macrocellhasbeenfabricatedas part of the DRACO communications

controllerIC.

A simplified,fully asynchronous,versionof thisDMA controllerisalsopresentedin orderto

illustratetheuseof theoptimisationspresentedin thethesis.
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Chapter 1. Intr oduction

This thesisextendsprevious work on the asynchronouscircuit synthesislanguageBalsa

[6] and on Handshake Circuits [9] (both Balsa and handshake circuits are introducedin

chapter3).

Theseextensionsinclude the developmentof a new synthesisback-endfrom the Balsa

handshakecircuit intermediatefile formatBreeze(Breezeis describedin §4.1.1) into CMOS

andFPGAimplementations.This back-endreplacesthesimpleback-endfor the language

Tangram[64] developedaspartof theEXACTproject[25]. Thatolderback-endwasspecificto

theCadenceCAD environmentandthe(locallydeveloped)AMULET low-powercell library

[2].

Also presentedarea numberof optimisationsfor producingimplementationsof handshake

circuits without requiringgate level optimisation. Theseoptimisationscentrearoundthe

useof a numberof new handshake components.Thesecomponentshave a higherdegree

of parameterisationthan haspreviously beendescribedand are capableof incorporating

a numberof existing optimisationschemes:handshake circuit control resynthesisof the

sortpresentedby Kilks, VercauterenandLin [45], encoder/decoderconstructionsuchasthe

BalsaCasecomponent,bespoke synchronisationcomponentsandbettersupportfor bitfield

extractionandwordreconstruction.

Theaim is to beableto synthesiseBalsacircuit descriptionsinto handshake circuitswhich

have simplerstructuresthanthosepreviously possible.Thesesimplerstructuresreducethe

numberof interconnectingchannelsand superfluoussynchronisationsinherentin imple-

mentationswhich usehandshake channelsto communicatebetweenall components.These

improvementsaresoughtwithout resortingto thepotentiallyunsafegate-level circuit optim-

isation.

Two designexamplesillustratetheuseof Balsato constructpracticalcircuits. Thefirst, de-

scribedin chapter6, isa32channelDMA controllerconstructedusingahybrid of synchron-

ousandasynchronoustechniqueswith themajorityof theasynchronousportionconstructed

12



1.1. Asynchronous design

usingthenew Balsaback-endbut without thenew componentsdescribedin chapter5. This

DMA controllerhasbeenfabricatedaspartof theAMULET3i portionof theDRACOcom-

municationsIC.

The secondexampleis a simpler, fully asynchronous,DMA controllerbasedon the same

registerstructureastheAMULET3i DMA controller. Thiscontrolleris usedto illustratethe

improvementsin Balsa’soptimisationstrategy describedherein.Justificationsfor thechoice

of a DMA controllerasa typical Balsadesignaregiven in §6.1. Thedesignof this simple

controllerandtheanalysisof thecontroller’simplementationaregivenin chapter7.

Thebulk of thework describedin this thesisis concernedwith theconstructionof thenew

Balsaback-endandtheuseof thatback-endto constructtheDMA controllerintegratedinto

AMULET3i. Theaimof thisdesignexampleis to show thata direct,optimised-during-con-

struction,approachto asynchronousmacromodularlogic synthesiscanbeeffectiveatprodu-

cingpracticalcircuit implementations.Thenew componentspresentedin chapter5have(for

themostpart)not beenimplementedandassuchrepresentthenext stepin producinganim-

proveddirect-synthesisback-endfor Balsa.Thesenew componentsandoptimisationsshould,

therefore,beconsideredto bea lesssignificantpartof thiswork thantheback-endor DMA

controllerdesigns.

Theremainderof this introductorychapterintroducessomebasicconceptsof asynchronous

designwhich maynot be familiar to somereaders.Thefinal sectionof this chapter(§1.2)

givesashortoverview of thestructureof theremainderof thethesis.

1.1. Async hronous design

Thedesignimplementationandsynthesistechniquesdescribedin thisthesisareall asynchron-

ousin nature. The work describedhereindoesnot try to measurethe advantagesof asyn-

chronoustechniquesoverconventionalsynchronousapproaches.Thatbeingsaid,therearea

numberof propertieswhichasynchronouscircuitspossesswhichareclaimedtobringbenefits

over theirsynchronouscounterparts.Theseinclude:

Easier/more intrinsic modularity – Modularity involves designingcircuit units which

Chapter 1. Introduction 13



1.1. Asynchronous design

canbeeasilyinterfacedto eachotherto constructlargercircuits. Modular interfacesallow

connectedunitsrunningat differentratesto communicatewithout undueadditionalcontrol

complexity. This is easierto achieve usingasynchronoushandshaking(detailedin §1.1.1)

thanusingclock synchronisedtransfersbetweenunits. Asynchronousunitscanbemadeto

wait for eachotherbydelayingthetransitionsonhandshakecontrolsignalswithoutincurring

eitherdelaysquantisedto theclockperiodor failurescausedby metastabilitywhentrying to

synchronisedata.Theuseof asynchronoushandshakingcanbeappliedto verysmallcircuit

elementsto allow thebenefitsof modularconstructionto beexploitedwithin asynchronous

circuits. Thisis themajorreasonfor usingasynchrony in thework describedin thisthesis.

Reducedenergyconsumption– Drivingtheclockdistributiontreeandthetransistorswhich

gatethe clock onto latchescanconsumea considerableproportionof the energy supplied

to a synchronouscircuit. Well designedasynchronouscircuits can avoid consumingas

muchenergy assynchronouscircuitswherepartsof thecircuit areidle for a portionof the

time. Synchronousdesignscanusetechniqueslike clock gating,voltagescalingandclock

frequency scalingto achievesimilar results,albeitwith morecomplicatedimplementations.

Impr ovedelectro-magneticcompatibility – As a largeproportionof theenergy dissipated

by synchronouscircuits is from gates/interconnectconnectedto the clock, E-M radiation

emittedbysynchronouscircuitstendstobecorrelatedto theclock’sfrequency andharmonics

thereof.Thiscorrelatedradioemissioncanmake it difficult to operateradioreceivers,meet

emissionsstandardsandprovideenoughcurrentto thecircuit atclockedges.It hasbeenob-

servedthatalthoughanasynchronouscircuitperformingsimilarworkmayemitasimilartotal

amountof E-M radiation,thatradiationismuchlesscorrelatedto thecircuit cycletimedueto

thevariationin cycle timecausedby changesin interfacetimings,data-dependentoperation

timing andthermalandsupplyvoltagevariation. SpreadingtheE-M emissionsovera larger

rangeof frequenciesmakesit mucheasierto operateradioreceiversnearasynchronouscir-

cuitsandto reducetheamountof shieldingrequired.ReducedEMI is amajorreasonfor the

adoptionof theAMULET3i macrocellaspartof theDRACOchipdescribedin §6.3.

Ar chitectural benefits– It is possibleto implementsomestructuresusingasynchronous

techniqueswhich may not be possiblewhenusinga singleclock. Asynchronouscircuits

cancontainportionswhich operateat a speedappreciablyhigher thanthe ‘ambient’cycle

Chapter 1. Introduction 14



1.1. Asynchronous design

timeby relyingon locally loopingcontrolsynchronisedwith moreglobalcontrolonly when

necessary. This principlemaybeusedto implementcheaperformsof circuit elementslike

multipliersby allowing a fastiterativemultiplier to replacea moreexpensive combinatorial

(or moreslowly iterating)multiplier. The multiplier in the AMULET3i is built usingthis

principle[47]. Anotherexampleis theboundarybetweensoftwareandhardware. ThePhilips

Mynapager[60][44] exploitstheimprovedEMI characteristicsof asynchronouscircuitsto run

theradioreceiverandcontrollingmicroprocessoratthesametime. Thisallowsall threeof the

dominantpagerstandardstobeimplementedusingthesamehardware.Previoussynchronous

pagersmustcontainadditionalhardwarefor eachpagerstandardto receivethedifferentdata

packet formatsfrom theradioreceiverwhile themicroprocessoris sleeping.

Themajorityof modernasynchronouscircuitdesigntechniquesarebasedontheuseof hand-

shakingto communicatebetweenunits. Theform of handshakingandits role is a defining

parameterof a particulardesigntechnique.The majority of asynchronouscircuitsarenot

designedwith arbitrarily placedtiming constraintsandsotechniquesarealsooftencharac-

terisedby their approachto delaymanagement.Delaymanagementallows thedesignerto

besurethata circuit will functionunderchangesof circuit delaysdueto temperaturefluctu-

ations,variationsin fabricationprocessandimplementationtechnologyretargeting(e.g.pro-

cessmigration).Theconsistentapplicationof asystemof timingassumptionsor moreeasily

validatedtimingconstraintsis termedadelaymodel. Thewaythatdatais transportedaround

asystemandthewaythatdatacorrespondsto controlis determinedby thedataencoding.

The remainderof this introduction to asynchronouscircuit design techniquesoutlines

the commonhandshakingprotocols,delaymodelsand dataencodingsusedin the design

techniquesdescribedin chapter2. All of thesetechniquesandcommonasynchronousterms

arerelevantin thediscussionof handshakecircuitsin chapter3. Two component,commonly

usedin the implementationof asynchronouscircuits,alsodescribed:theubiquitousMuller

C-element(in §1.1.4) andtheS-element(in §1.1.5).

1.1.1. The handshake

A largepartof thecontrolin asynchronouscircuitsis devotedto thecommunicationof data

andcontrolsignallingfrom onepartof a circuit to another. Without a globalclock,thereis

Chapter 1. Introduction 15



1.1. Asynchronous design

noglobalperiodicsourceof eventswhichcanbeusedbycommunicatingunitstosignalwhen

datais providedandtakenin acommunication.Bespokesolutionsto thisprobleminvolving

control signalswhich convey readinessto communicate,datavalidity and the receiptof

dataarepossiblein eachcasewherea communicationis formed. To simplify the taskof

building suchcommunicationcontrol systems,the notion of the handshake and the data

channelwereintroduced.Handshakesareusedwheretwo or moreunitsrequirecontrolof a

synchronoustransferof databetweenthem.Handshakescanalsobeusedasamechanismfor

synchronisingtwo unitswithout theexplicit transferof data(e.g.to implementtokenpassing

schemesor controlsharedresources).

Wherethedataandhandshakecontrolsignallingfor acommunicationareconsideredasingle

conceptualunit, thatcommunicatingconnectionis oftencalleda channel. Of thetwo units

connectedbyachannel,oneunit isactive, it initiatesthehandshakeby issuingarequestto the

otherunit, andtheotheris passive, it receivestherequestandreplies(whenit is ready)with

anacknowledgement. A handshakewhichconsistsof theexchangeof only two tokens(one

request,oneacknowledgement)is thesimplestform of handshake.

ack.

req.

data

first transfer second transfer

data setup time data hold time

processing

Figure 1.1. 2-phase handshaking

Whentwosymbolhandshakingis implementedusingwiresrepresentingrequestandacknow-

ledgement,with transitionsonthosesignalscommunicatingthetokens,thisis called2-phase

handshakingor transitionsignalling. Thetwo phasesaretheperiodsbetweena requestand

itsacknowledgement,formingthehandshakeitself,andtheperiodbetweenanacknowledge-

mentandthenext request,forming theidle phase.Figure1.1showsanexampleof 2-phase

handshakingwith bothrequestandacknowledgesignalsstartinglow, bothgoinghigh after

thefirst handshake,thenbothfalling againafterthesecondhandshake. Notethatrisingand

falling signaltransitionsareequivalentin this scheme.Datavalidity is signalledby thear-
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rival of therequestsignalat thetarget. Datais allowedto becomeinvalid at theinitiator on

receiptof theacknowledgementby theinitiator. 2-phasehandshakescanalsobeconstructed

usingasinglesignallingwire whichtheactiveunit raisesto indicatearequestandthepassive

unit dropsto signalanacknowledgement.Controlof thedriving of thecontrolsignalmust

bepassedbetweenunitsin betweenevents. This form of handshakingis calledsingletrack

handshaking[11] but is not consideredin theremainderof thisthesis.

In the2-phaseexample,datais shown asa setof wiresaccompanying thesignallingwires

with matcheddelaysto thosewires. This way of attributing datato a pair of handshake

signallingwires is termedbundleddata and is a very commonmethodfor implementing

cheapbut non-DI(see§1.1.3) channels.

ack.

req.

broad push

early push

early proc. late proc.

broad proc.

late push

Figure 1.2. 4-phase push handshaking

Figure1.2 shows anothercommonform of handshaking– 4-phasehandshaking.4-phase

handshakingcanbesimplerto implementin CMOSthan2-phaseastheabsolutelevelsof

signalscanbeusedto determinethephaseof thehandshakenot just thedifferencein request

andacknowledge.Unfortunately,torestorethesignallingwirestotheirinitial statesattheend

of eachcommunication,twoextraphasesneedbeaddedtothehandshakein ordertosequence

the return-to-zeroof the two signallingwires. Datavalidity in 4-phasehandshakescanbe

signalledanumberof ways,themostcommonof which(early, lateandbroaddatavalidity)

areshown in figure1.2.

Thedirectionof acommunication-initiating requestneednotbethesamedirectionasthatof

thedata.Theexamplesgivensofar illustrateonlycommunicationswherethedataflowswith

therequest.Thesearecalledpushcommunications.Anotherform of communicationispos-

sible,thatwherethedataflowsfrom targetto initiatorundercontrolof theacknowledgement.

Figure1.3showsthecommondatavalidity schemesusedwith pull communicationsin both

2-phaseand4-phasehandshaking.Notethatin 2-phasepull and4-phasebroadpull thecost
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ack.

req.
early proc. late proc.

broad proc.

broad pull

early pull

late pull
4−

ph
as

e

2−phase pull

Figure 1.3. 2/4-phase pull handshaking

of implementingthechannelmaybehigh asdatamustbeheldvalid betweenhandshakes.

Thismayinvolveaddinglatchesto animplementationfor eachpull channel.For thisreason,

in 4-phasehandshaking,reducedprotocols[58] areuseful.

In reducedsignallingschemes,thedatacommunicatedmaybecomeinvalid beforetheevent

which would ordinarily signal the completedreceiptof that datais sentor received. For

example,thereducedbroad4-phasepushprotocolallows thedatato becomeinvalid before

thefalling edgeof theacknowledgement.This is similar to theearly4-phasepushprotocol

(andassuchearly4-phaseinputscanbe connectedto 4-phasereducedbroadoutputs)but

a reducedprotocolmay imply otherconstraintswhich allow the datareceiving unit to be

implementedmoreeasily/cheaply. Figure1.4showsasimpleimplementationof ahandshake

controlledwrite port to a transparentlatch. The acknowledgementfor the write is formed

from thedelayedrequestandsoactsasa latchstrobe.Thisbeingthecase,a reducedbroad

input maybe presentedto the latch in placeof a broadinput wherethe dataon that input

remainsvalid until at leastthepointwherethelatchcloses.

Reduceddatavalidity is mostusefulwhenusedwith 4-phasebroadpull signalling. Using

theacknowledgementsignalasa latchcontrolsignalwith 4-phasebroadpull at theinitiator

is very convenient. Whenreducedbroadsignallingis used,theconstraintthatdataremains

valid whilst the acknowledgesignalremainshigh andremainsvalid for someperiodafter

that in orderto allow its useasa datastrobe.Readportsareshown on thelatchexamplein

figure1.4aschannelsconsistingof theoutputof thelatchandadelayelementin thecontrol

pathfor delaymatching. Wherea readis performedon this latch,which is thenfollowed

by a write, thereaddatabecomesinvalid beforeanotherreadcanbemade.For thelatchto
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DELAY DELAY

LE

LA
T

C
H

rd

ra

rr

wd

wa

wr

read data valid

wack

wreq

rack

rreq

required write
data validity

broad

reduced broad

reduced broad broad

Figure 1.4. A latch using reduced broad push and pull protocols

supportbroadpull reads,thedataon this readport mustbemaintaineduntil thenext read.

If, however, it is understoodthat thelatchwill not bewritten until therecipientof thelatch

datahascompletedits read(i.e.eithertotally finishedwith thedataon thatport or latcheda

copy of it), thereadportcanbeconsideredto supporta form of reducedbroadprotocol. The

acknowledgementfrom thisreducedbroadhandshakecan,in turn,beusedasa latchcontrol

or validity indicationfor thedataon thatreadport. Usingthesebroadervalidity signalscan

makeminimumlatchenablepulsewidthconstraintseasiertomeetthanwhenearlysignalling

is used.Earlysignallingwouldentailusinga latchcontrolpulsewhichonly spanstherising

acknowledgeto falling requestportionof thepull handshake(asshown in figure1.4). Using

thereducedprotocol(with its two eventson theacknowledgementoccurringbeforetheend

of handshake datavalidity), a delayplacedin the acknowledgementpathis usedtwice so

allowing smaller, easierto implement,delayelementsto beinserted.

Thecostof usingreducedprotocolsin thesewaysisagreaterrelianceontimingvalidationto

ensurecorrectcircuit behaviour. Thismaynot involveany additionaldesignstepsfor circuits

whichusebundleddata(in whichconsiderablevalidationmayalreadybenecessary).

1.1.2. Delay models

Most designtechniquesmake at leastsomeassumptionsaboutthetiming characteristicsof
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componentsandwires. In synchronousdesign,assumptionsaremade(whichneedto beval-

idatedin layout)aboutthearrival time of theclock signalat clockedcomponents.Further

assumptionsaremadeabouttherelationshipbetweenpropagationdelayanddatahold times

whenusingedgetriggereddevices,thepropagationdelayof combinatorialelementsbetween

latchesandtheperiod,dutyandtiming relationshipbetweenclocks. Theglobalnatureof the

synchronisationformedby clockandlatchedcontrol/datamakesconnectingcircuitsrunning

at differentratesmoredifficult thanin asynchronoussystemswherethehandshake andpar-

tially (or wholly) delay-insensitivecommunicationsmakeinterconnectionof circuitseasier.

Asclockratesincreaseandcircuit featuresizesshrink(leadingtoadominanceof interconnect

delaysover gatedelays),thesetiming assumptionsbecomelessandlessrealisticsomaking

globalsynchrony difficult toachieve. Asynchronouscircuit designabandonstheuseof glob-

al synchronisationin favour of local synchronisationbetweencommunication/participating

units. Theuseof localisedcontrolin thiswayrequiresdifferentapproachestodelaymanage-

mentthanthoseusedin synchronousdesign.

Asynchronouscircuitsmustmeetsimilar critical-pathconstraintsassynchronouscircuitsin

ordertobeusefulin theirintendedapplications.In addition,timingrelationshipsbetweenlocal

communicationsignalsinternalto asynchronouscircuitsmustbevalidatedto ensurecorrect

circuit functionalityundersimilar worstcaseconditionsasrequiredfor synchronousvalida-

tion. In synchronousdesign,it isoftenpossibletoachievetimingclosureby loweringthetar-

getclock rateof thesystem.For anasynchronouscircuit,however, it maynotbepossibleto

rescueadesignby suchasimpleconstraintrelaxation.Adjustingthecyclerateof thecircuit

by changingthetimingof theenvironmentisofteneasytoachieve. Unfortunately, thetiming

of internalcircuit stages,whichmayaffectcircuit functionality, israrelyeasytocontrolin this

way. For thisreason,theproblemof achievingtimingclosurefor anasynchronouscircuit can

bepotentiallygreaterthanthatof asimilarsynchronouscircuit.

Delay modelshelp in simplifying the specificationand validation of timing constraints.

Circuitsdesignedwith a particulardelaymodelin mind areoftensimplerto designandare

easierto validateby comparison/cosimulationwith their specificationsbecauseit is easier

to identify placeswheretiming constraintsneedto be met. This is particularlytrue of the

designof synchronouscircuits. At moderatecircuit speeds,therequirementto distributethe
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globalclock to all partsof acircuit with only asmallamountof skew is notdifficult to meet.

Circuit areacanbereducedby migratingthelocal communicationcontrol logic requiredin

asynchronouscircuitsintoglobal,clocksynchronisedcontrolwith datatransfersquantisedto

multiplesof theclockperiod.

In thedesignof asynchronouscircuits,thereareanumberof commonlyapplieddelaymodels.

Delaymodelsmayincludedelay/timingassumptionsandconstraints. Delayassumptionsare

globallyappliedsimplifiedmodelsaboutthenatureof delayswithin acircuit. Populardelay

assumptionsincludethoseabouttherelativesignificanceof interconnectovergatedelays(for

example,in speed-independentcircuits),thebehaviour of wire forks(in quasi-delay-insensit-

ivecircuits)andtheminimumresponsetimeof acircuit’senvironment(e.g.thefundamental

mode,describedin §2.4.1). Constraintsaretiming requirementswhichareappliedatspecific

pointsin a circuit in a responseto a functionalneedfor thatrequirementat thatpoint in the

circuit. A goodexampleof timing constraintsarethedatabundlingrequirementsin systems

with singlerail bundled-datainterfaces.

Circuitsbuilt usingtiming assumptionsor containingtiming constraintsneedto betestedto

ensurethat theassumptionsarerealisticandthat theconstraintsaremet. Timing validation

in thecurrentBalsasystemis discussedin §4.4.2.

Populardelaymodelsinclude:

Delay-insensitive (DI) cir cuits

DI circuitsrequireno timing constraintsor assumptionsbetweengatesto be preserved for

circuit functionality to be guaranteed.Unfortunately, at gatelevel, few interestingcircuits

conform to the delay-insensitive ideal. For this reason,delay-insensitivity is most often

appliedto larger,morecoarselygrained,unitsconstructedusingothertimingregimesin order

to makethemeasierto compose.

Quasi-dela y-insensitive (QDI) cir cuits

QDI circuitsarelikeDI circuitsexceptthatforks in wiresmaybeassumedto be isochronic.

Isochronicwire forks areforks which resultin transitionsat the leavesof the fork arriving
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at thesametime (or within someacceptablyshortperiodof time of each).Thispropertyis

commonlyusedfor thedemultiplexing of requestsignalsto a numberof units,whereonly

oneunit is readyto acknowledgeat a time. The initiator of therequestcanbecertainthat

therequesthasbeenwithdrawn whenit receivesanacknowledgementto thefalling request

(for a 4-phasecircuit). TheQDI assumptioncanalsobeextendedto includeassumptionsof

isochronicpropagationaftera numberof logic gates’distancefrom the fork (theextended

isochronicfork andQnDI delaymodels[10]). AlthoughQDI is anattractively simplemodel,

it cansometimesbeover-restricting,especiallywherethe‘probings’at thefarendsof a fork

canbeguaranteedto occuratsuitablywell separatedtimes[8].

Speed-independent (SI) cir cuits

In SI circuits,interconnectdelaysareassumedto be insignificant,only componentsexhibit

appreciabledelays. Forks in wires areassumedto be isochronicand so unacknowledged

forked signalsareassumedto have changedbasedon the observation at a singlepoint on

a fork.

Scalab le Delay-insensitive (SDI) cir cuits

Scalabledelay-insensitive circuits allow the principles of speed-independentcircuits to

be applied to larger designsthan may be justified by their, potentially unrealistic,delay

assumptions.SDI wasdevelopedtoallow regionsof acircuit whicharesmallenoughfor the

speed-independentassumptionto hold to beidentifiedsoallowing adesignto bepartitioned.

SDI wasusedto implementtheTITAC-1andTITAC-2 [68] microprocessors.

1.1.3. Data encoding

The way in which datais communicatedfrom onepart of a circuit to anotheris alsoan

importantdesigndecision. In synchronousdesign,datais usuallybinaryencodedwhere n2

distinctsymbolscanberepresentedbybooleanlogicsymbols{0, 1} onnwireswith all of the

possiblecombinationsof booleansymbolson thosewiresrepresentinga symbol. Theclock

is usedto signalthevalidity of boththesedatasignalsandthecircuit’scontrolsignals.
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Bundled data

Bundleddata(alsoknown assingle-rail)communicationinvolvestransmittingcontrol and

datatokenson separatewires to which fixed timing relationshipsareapplied. The useof

binaryencodingwith request/acknowledgesignallingis the mostcommonlyusedform of

bundleddata. Bundleddatais populardueto theability to separatecontrol from datapath.

Unfortunately, thisseparationoftenrequirestheuseof explicit delaycomponentsor matched

pathsfor control anddatato bring control anddatapathtimingsback togetherwheredata

signalspassthroughprocessingunits. Timing validationis necessaryto ensurethatbundling

constraintsaremetanddelaysareof appropriatesizes.

One-hot codes

In caseswherethe numberof symbolswhich canbe communicatedis small,one-hot(or

unary)encodingmaybeused.One-hotencodingentailsusingn wiresto encoden symbols,

onewire persymbol. Oneof then wiresis heldhigh (at 1) andtheothern − 1 areheldlow

(0) to encodeaparticularsymbol.

With one-hotencoding,thereis an obvious extra statefor the n wires which canbe used

to indicatethat no symbol is beingcommunicated,this is when all n wires areheld low.

Makinguseof thisquiescentor NULL state(NULL ConventionLogic, see§2.4.5, callsthe

quiescentstateNULL) allowsthewirescommunicatingaone-hotvalueto alsocommunicate

thevalidity of thatvalue. Encodingdatavalidity in with datais thekey to whataretermed

delay-insensitivecodes.

Delay-insensitive codes

DI codesareencodingsof dataonwiresin whichrulescanbewrittenfor whendataisvalid (in

thecaseof one-hotencoding,whenany wirebecomeshigh)andfor whenthecommunicating

wiresarequiescent(in one-hot:whenall thewiresarelow). Theserulesmustdefinehow data

symbolsmapontothesignallevelsof thewireswhichphysicallyimplementcommunications.

Thismappingmustalsoincludea representationfor thequiescentstate.Thesimplestexten-

sionsto one-hot encoding,in thedomainof DI codes,arethen-of-m codes.In thesecodes,

symbolsareformedby raisingexactlyn of themwiresfor eachcommunication(soone-hot
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encodingonnwiresis1-of-n encoding).Oneof Cn
m symbols(plusthequiescentsymbol)may

be transmittedwith eachcommunicationmakingn-of-m codescheaperto implementthan

one-hot encoding(in termsof numberof wires)at theexpenseof morecomplicatedencod-

ing/decodingto/frombinary.

It is important that choicesof datavalidity/symbol encodingrules can be decodedin a

delay-insensitive manner. For communicationswhich make useof the quiescentstateto

separatesymbols,it is only necessaryto ensurethatnosymbol’ssetof significantwire levels

is a subsetof anothersymbol’s. Wherethenumberof significantwire levels(usuallyhigh

wires)for eachsymbolis thesame(asin n-of-mencoding),thisdelay-insensitiverequirement

is alwaysmet.

HandshakingcommunicationscanbeformedusingDI codesby addinganextra controlsig-

nal. For pushcommunications,thecompletion/validity operationon thedatawiresprovides

a request,theextracontrolsignalformstheacknowledgeflowing in theoppositedirectionto

thedata.For apull communication,thecontrolsignalcarriestherequest,with thevalidity of

encodeddatasignallingacknowledgementof thatrequest.4-phaseDI codedhandshakesuse

thequiescentstateastheloweredcontrolsignalstate.

Delay-insensitive codescanbeusedin transitionsignallingby usingrulesfor datavalidity

basedon a numberof transitionshaving takenplaceon thesignallingwires. No quiescent

stateisnecessaryandthecommunicationwill beveryenergy efficientdueto thelow number

of signaltransitions.Unfortunately, transitionsignalled(2-phase)DI codescanbeexpensive

in circuit areato decode/encodemakingthemmostsuitablefor applicationswherecommu-

nicationenergy mustbekept to a minimumbut sparseencodingssuchasone-hot encoding

maybetooexpensivein wires. Off-chipcommunicationsisanexampleof suchanapplication

[28].

Communicationscanbemadeof severalbundlesof wires,eachwith its own dataencoding.

Validity of dataon thewholecommunicationoccurswheneachof the individual bundle’s

datais valid. Themostcommonof theseschemesis dual-rail encoding.

Dual-rail encoding
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Dual-rail encodingis a 1-of-2 encodingwhereeachbit of datais carriedby 2 wires. A

handshake constructedusingdual-railencodingwill take 2n + 1 wiresfor n bitsof data. A

datavalid signalfor a dual-railcommunicationcanbeformedby ORingthe2 wiresof each

bit andthencombiningthoseindividual bit valid signalsusinganAND operation(or, more

often,a treeof Muller C-elementsasdescribedin §1.1.4).

Dual-railsolutionshavebeenthemostpopularwayof implementingDI interconnectdueto

theeasewith which binarydatacanbeencodedto/decodedfrom dual-railcommunications.

Many of thesystemsdescribedin chapter2use,or haveuseddual-railencodingto implement

interconnect.Thecostof theC-elementtreerequiredfor synchronisationof datawith control

signalscanbecomeamajorcostin dual-raildatapaths.

1-of-4 encoding

Recently,1-of-4 encoding(of pairsof bitsin acommunication)hasbecomepopularfor asyn-

chronousdatapathimplementations.1-of-4 encodingtakesthesamenumberof wiresto en-

codeasdual-rail encodingandhassimilarlysimpleencoding/decodingcircuitsfor translation

to binaryencoding.Theadvantagesof 1-of-4 overdual-rail encodingincludereducedpower

andsimplifieddataoperations.In 1-of-4 encoding,only 2 transitionsarerequiredon 1wire

(or 1transitionon1wire for 2-phasesignalling)for each2b of datacommunicated.Dual-rail

encodingrequires4 transitionsfor each2b of datacommunicated(or 2 transitionsin 2-phase

signalling),twice asmany transitionsasfor 1-of-4. DataoperationsaresimplerbecauseDI

implementationof combinatorialfunctionstend to find sum-of-productsimplementations

wheretheproducttermsaremintermsof thedatabits input to theoperator. In dual-rail en-

coding,a mintermover a pair of 2b argumentsinvolvesa functionof 4 inputs(2 inputsper

argument,1of thoseperbit). 2b mintermsin 1-of-4 encoding,however, consistof only 2 in-

puts(1inputperargument,1input for each2b of argument).Any functionimplementedasa

sumof mintermsfor 1-of-4 encodeddatawill, therefore,besmallerthanasimilarexpression

in dual-rail encoding.

1.1.4. The Muller C-element

TheMuller C-elementis oneof themostcommonadditionsto thebasicsetof logic gates
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madein orderto make the implementationof asynchronouscircuitseasier. It is described

hereasit formspartof the implementationsof other, largercomponentslater in this thesis.

TheC-elementis alsopresentedasit is usedto implementcontrolanddatasynchronisations

in many asynchronousdesignstyles(specifically, many of thestylesdescribedin chapter3).

It issuchacommonlyusedcomponentthat,wherepossible,theC-elementis implementedas

astandardcell in orderto makeits operationasfastaspossible.

TheC-elementprovidesanAND functionfor signaltransitions.Figure1.5showsthecircuit

symbol,operationalwaveformsanda typical transistorlevel implementationfor a 2-input

C-element.Startingwith bothof its inputslow, the2-inputC-element’soutputwill alsobe

low. Whenall its inputshavegonehigh,theoutputthengoeshigh. Thisbehaviour is similar

to anAND gate. Unlike anAND gate,both inputsmustthenfall for theoutputto fall. To

implementthis function, the C-elementmust containsomestorageelement(the weakly

maintainednode‘nQ’ in thefigure).

C Q
B

A

A

A

B

B

Q

weak

A
B
Q

A.B

nQ

Figure 1.5. The Muller C-element

C-elementsareusefulfor synchronisingcontrolsignalsbywaitingfor all of themtotransition

in thesamedirection. They canbeusedto implementDI joins of forkedcontrolwherean

AND gatewouldnot synchronisethereturn-to-zerotransitionsof thesignalsmakingupthat

control. A bubbleon theinput of a C-elementindicatesthat that input is pre-fired at circuit

resettime. Pre-fired inputscanbeusefulfor markinginitial statesin systemsbuilt usingnet-

worksof C-elements.A commonexampleisaFIFOwith C-elementcontrol. Pre-firedinputs

areplacedonacknowledginginputsto thelatchcontrolto allow previousacknowledgements

(or reset)to trigger thestartof thenext controlcycle. Bubbledinputscanbe implemented

by invertingtheinput signalin question(giving thebubbleits conventionalmeaning).A C-
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elementwith all its inputspre-fired/invertedisequivalenttoaC-elementwith aninvertedout-

put. Moving inversionsaroundsystemsof C-elements(with thecorrectresetstates)cangive

similar inversionstatesaving benefitsasin circuitsof conventionallogic gates.

Whenusedin QDI or SI circuits,C-elementsarealsooftenrequiredto allow pulseson one

input to be ignoredif theotherinput(s)have not madea successfultransition(not a pulse)

sincethe lastoutputfiring. C-elementscanalsobeconstructedto respondto transitionsin

only onedirectiononparticularinputs. Theseformsof C-elementareknown asgeneralised

C-elementsor asymmetricC-elements.

1.1.5. The S-element

The S-element[9](alsoknown asa Q-module[49]) is a circuit elementcommonlyfound in

the implementationof handshake components.An S-elementhas4 connectionsforming 2

request/acknowledgehandshakepairs– ‘Ar’/‘ Aa’ and‘Br’/‘Ba’.

The ‘A’ pair of signalsform the initiating handshake. Raising‘Ar’ causestheS-elementto

raise‘Br’. A complete4-phasehandshakecannow takeplaceon ‘B’ before‘Aa’ is raisedto

signalacknowledgementof theinitiating handshake. The‘A’ handshake maynow take part

in areturn-to-zero.Figure1.6showsthesymbol,behaviour andgatelevel implementationof

anS-element1.

C

Ba
Br

Ar
Aa

Ar
Aa

Br
BaS Br

Ba

Ar

Aa

Figure 1.6. The S-element

Embeddingonehandshake within a phase(or acrossa numberof phasesof) anotherhand-

shake is known asenclosure. Enclosureis essentialto theconstructionof handshakecircuit

controlcomponentsasit allowsa handshake to representtheactivity of a taskusingthere-

1Theemptyandfilled circleson thehandshake portsidentify ‘A’ asa passiveport and‘B’ asanactiveport. This
distinctionis explainedin §3.3.
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questto startthe taskandthe returningacknowledgementto signalits completion.TheS-

element’srole is to allow full 4-phasehandshakesto beenclosedwithin therequestrising to

acknowledgementrising phaseof anotherhandshake. Therising acknowledgementof this

enclosinghandshake canthenbe usedto stimulateanotherS-element,so forming a chain.

The4-phasehandshakesonthe‘B’ portsof thesechainedelementswill therebybesequenced

without overlapping.S-elementscanalsobeusedto issueconcurrent,independent4-phase

handshakesby sourcingthe‘Ar’ inputsof anumberof elementsfrom asinglerequestsignal.

A treeof C-elementscanthenbeusedto gatherthe‘Aa’ signalsto form anacknowledgement

to thatsourcerequest.

1.2. Thesis Structure

Theremainderof thisthesisis dividedinto sevenchapters:

Chapter2. AsynchronousSynthesis

This chapterpresentsexisting asynchronousdesignmethodologiesanddiscussestheir

propertieswhichmakeautomatedcircuit synthesispossible.

Chapter3. HandshakeCircuits,TangramandBalsa

Handshakecircuitsform thebasisfor thesynthesismethodusedbyBalsa.Theextentof

theBalsasystem(andthePhilipsTangramsystemto whichit is related)asdescribedby

myM.Phil.thesis[6] ispresentedin ordertoseparateimprovementsmadetoBalsabythis

work frompreviousBalsadevelopment.Chapters2and3formthebackground/previous

work descriptions.

Chapter4. TheBalsaback-end

The Balsasystemdescribedpreviously omitteda meansfor producingcircuits from

handshakecircuit intermediatedescriptions.Thedesignandimplementationof sucha

back-endis describedhere. The improveduseof theLARD asynchronousmodelling

languageasaBalsasimulationengineis alsodescribed.

Chapter5. New HandshakeComponents

New componentsare proposedto improve Balsa synthesis. The impact of these

componentson speed/areaefficiency of synthesiseddesignsis describedqualitatively

hereandquantitatively in chapter7.
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Chapter6. TheAMULET3i DMA Controller

Thedesignandimplementationof theAMULET3i DMA controlleris presented.This

controller is offeredasan existenceproof of designflow for Balsaand representsa

reasonablesizeddesignchallenge.

Chapter7. EvaluatingtheNew HandshakeComponents

A second,simpler, DMA controllerdesignis presentedandusedto evaluatethe new

handshakecomponentsdescribedin chapter5.

Chapter8. Conclusions
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Chapter 2. Async hronous Synthesis

Themajority of largesynchronousdesignsundertakentodayincludea degreeof synthesis.

Synthesisfreesthecircuit designerfrom therepetitiveanderror-pronetaskof handconstruct-

ing eachpartof a circuit from availablecell library gatesandmacros.Synthesisalsoallows

designsto bemorequickly revisedandretargetedto meetchangesin specificationandim-

provementsin processtechnology.

In orderto besuccessful,asynchronousdesignapproachesmustoffer thedesignernot only

the concretebenefitsdescribedin §1.1but must alsoallow synthesisin the sameway as

conventionalsynchronousdesignallows. To thisend,many of theapproachesusedto design

asynchronouscircuitscanbe(orhavebeen)automatedtosomedegree.Thischapterdescribes

anumberof of theseexistingasynchronousdesignapproachesandenumeratestheirstrengths

andweaknesses.Someof theideasembodiedin theseotherapproaches,whicharenot used

in handshakecircuits,arerevisitedin chapter5.

2.1. Design flo ws for async hronous synthesis

All synthesissystemssharetheproblemsof fitting into existing designflows. As synthesis

systemsoftenhave their own designentrymethod,integrationis oftenlimited to therealisa-

tion of aback-endfor thosesystems.Thisback-endinterfacesthesynthesistool with theex-

istingdesignentrymethodsof theCAD systemusedto implementdesigns.Thisdesignentry

usuallytakesthe form of importingnetlistsinto commercialCAD tool baseddesignflows.

Commercialtoolsareoften theonly solutionfor CMOSimplementationasthe designkits

necessarytodescribethetargetCMOStechnologytotheCAD systemarespecifictoparticular

CAD systemsandoftencontainencryptedor hiddeninformationwhich make it difficult to

port thosekits ontoothersystems.FPGAprogrammingis oftensimilarly closeddueto un-

publishedprogrammingbitstreamformats.Morepositivereasonstouseexistingcommercial

toolsinvolve makinguseof commercialsynthesisersasback-endsto home-grown systems,

usingthedesignmanagementfacilitiesof thosesystemsor integratingsynthesiseddesigns

with circuitsdesignedusingotherdesignentrymethods.
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2.1. Design flows for asynchronous synthesis

Figure2.1showsatypicalsynthesisdesignflow with thesynthesiser,back-endCAD toolsand

possibledesignfeedbackpathsshown. Notall of theasynchronousdesignmethodsdescribed

in this chapterare,strictly speaking,synthesissystems(wherethis term is taken to refer to

automatedsystemsfor designimplementation)althoughmany of thestagesshown in figure

2.1areapplicableto un-automatedsystemstoo(albeitwith processingperformedby hand).

Design refinement
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Figure 2.1. Typical synthesis design flow

Thedesignflow startswith thedesigndescription.Thisisenteredusingthelanguage,schem-

aticorgraphicaldescriptionmechanismspecifictothesynthesismethod.Many systemsallow

thisdescriptionto by simulatedto allow thedesignto befunctionallyvalidated.A ‘correct’

designcanthenbepresentedto thesynthesiserto producean implementation.Knowledge

of thetargettechnologyis requiredtoperformthissynthesis.Technologyspecificchoicesof

targetcells,timing,areaandpowertrade-offscanalsobemade.Onceimplemented,adesign

canthenbesimulatedagain. Thissimulationcanbeusedto confirmthattheimplementation

behavesin thesamewayastheoriginaldescriptionandalsoto providetiming-realisticsimu-
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lationof theimplementation.

The implementationcan thenbe committedto CMOS layout or to an FPGA usingplace

androutetools(althoughplaceandrouteis, increasingly, becomingpartof synthesis).Once

committedto layout,furthersimulationcanconfirmthat theimplementationis functionally

correctandobeystimingconstraintsnecessarytoensurereliableoperationundertemperature,

voltage,noiseandprocessvariationconditions.Timing extractiontools(or equivalentcapa-

citanceandresistanceextraction)areusedto constructmodelsfor thissimulation.In parallel

with simulationof theimplementation,statictiming analysiscanbeusedto confirmcorrect

timingoperationin all cases(notjustthosewhichthesimulationcovered).Formalverification

of thecorrectnessof theimplementationprocessmayalsobeundertaken,althoughthisisnot

shown onfigure2.1.

At any stagein theimplementation,simulationandtiming validationof thedesign,it maybe

necessarytomakechangesto thedesignby changingeithertheoriginaldesigndescriptionor

oneof theformsthedesigntakesat laterstagesof synthesis(right down to thefinal layout).

The implementationprocessmay involve a numberof cyclesarounda design– synthesise

– evaluatedesignloop. Theroleof userinterventionin thesynthesisprocessandthechoice

of how many of theimplementationstepsthisloopingshouldincorporateisa functionof the

synthesismethodusedandtheextentto which theusercanaffect thatmethod’soutcomeby

modifyingtheinputdescription.

2.2. Directness and user inter vention

Directnessis a claimedadvantageof handshake circuitsandothersynthesismethodswhich

involvesmapping,one-to-one,constructsin theinput descriptioninto modulesof theimple-

mentation.Directnessallows the userto affect the implementation’s propertiesdirectly by

changingtheinputdescription.Theoutputof all synthesissystemsis affectedby the‘appro-

priateness’of the input descriptionto thatsystem.Systemswhich make stateencodingde-

cisions(suchassynchronousFSMsandthegraphicalasynchronousstatemachineapproaches

describedlater in §2.4) areoften affectedby the regularity andsymmetryof descriptions

whichcanresultin pathologicallybadimplementationsfor descriptionswhicharealmost,but
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notquite,regular. Directsynthesismethodsallow thesecasesto beavoided.

Unfortunately, directnesscanalsoresult in larger andslower circuitsdueto an inability to

exploit the tighter implementationspossiblefor circuits which do exhibit symmetryand

regularity. Directly implementedcontrol often involvesa moresparsestateencodingdue

to thecontrolbeingdispersedover a numberof components.Themacromodularsynthesis

methodsdescribedin thenext sectioneachsuffer from aspectsof thisinefficiency causedby

theirdirectnature.

2.3. Macromodules and DI inter connect

In orderto simplify thetiming closureproblem,many systemsareimplementedwith delay-

insensitive interconnectbetweenunits with someinternal timing constraints.The units

in suchsystemscanbe separatelylayed-out in order to make timing constraintseasierto

handle.Pre-placedunitscanthenbecomposedwith the interconnectoverlayedto produce

theentiresystem.Applying delay-insensitive interconnectat a systemtop-level leadsto the

notionof asynchronouson-chip andoff-chip buses.This systemlevel useof asynchronous

technologiesis increasinglybecominga target for systemdesignresearchasit allowsasyn-

chronoustechniquestobeintroducedintootherwiseconventionalsynchronoussystems.The

MARBLE macrocellbusdescribedin chapter6 is anexampleof suchanasynchronoussys-

temlevel bus.

Takingthedelay-insensitiveinterconnectapproachcloseto its finelimit for granularitygives

riseto themacromodulardesignmethodologies(after themacromodulessystem[66] which

useda similar, LEGO-brick approachto circuit construction).Any designmethodology

whichmakesuseof handshakingchannelsandsmall(althoughgreaterthangatesized)mod-

ulesto constructcircuitsis hereconsideredto bemacromodular. Modulesin thesesystems

areusuallyconstructedfrom smallnumbersof logic gatesandmayhaveinternaltiming con-

straintsresolvablein layoutby locality of placement.Theseinternalconstraintsareusually

QDI orequipotential-region(regionsof interconnectwhichcanbeassumedtoactlikeasingle

node,modelledby a singlevoltage)like in nature.Wheredataprocessingis required,either

delay-insensitiveor bundleddatainterconnectcanbeused.Usingbundleddatainterconnect

does,however, incur extra complexity in layout or layout timing validationto ensurethat
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bundlingconstraintsaremet.

Macromodulardesignstylesexist for handconstructionof circuitsandfor automatedcircuit

synthesis.Existing systemsinclude: Clark’s macromodules,Sutherland’s micropipelines,

Brunvand’s OCCAM-basedsystemand,of course,handshake circuits. Themicropipelines

approachis presentedfirst as it is a commonlyused,relatively recentdesignstyle which

incorporatesmany of thecommoncontrolstructuresof oldersystems.Micropipelinesarealso

presentedfirst astheAMULET microprocessorsarebasedonmicropipelineideas.

2.3.1. Sutherland’ s micr opipelines

Micropipelines[67] arepredominantlyusedto constructhand-built circuits. Thedesignstyle

is useful for constructingcircuitsconsistingof pipelinestageswith or without processing

logic betweenstages.Asynchronouscontrol of the latchesbetweenstagesallows themto

behave in an elasticmanner, allowing datato flow straightthroughFIFO stageswhenthe

pipelineis emptyandripplethrough(beinglatched)whenthepipelineis busier.

Pipelinestagesareconstructedusingeithercompletionsignallingin dataoperationsor by the

useof bulk delays.Theuseof suchdelaysis shown, in parallelwith thefunctionalunit, in

figure2.4. Thesestagescanthenbecombinedby connectingtheir incoming/outgoingchan-

nels. Signallingis performedusing2-phasehandshakeswith bundleddata. Micropipeline

macromodulesact on signals,not on request/acknowledgechannelsignallingpairs. Chan-

nelsonly becomewell definedatahigherlevel of abstractionwheremicropipelinestagesare

composed.

Channelforks andcombinesarethesimplestcontrolstructuresusedin Micropipelinesand

canbeimplementedusingtheelementsshown in figure2.2. Thesearethecommonmacro-

modulesof micropipelinedsystemsandincludethefamiliarMuller C-elementfor signalsyn-

chronisationandtheXORgateusedasasignalmergecomponent.Thebasiccontrolelements

usedin Micropipelinesare:

XOR gateand C-element– XOR gatesarecommonlyusedto implementOR functionsfor

events(oftenknown asamergeoperation)tocombinetwo mutuallyexclusively transitioning

2-phasecontrol signalsinto one. C-elementsare usedin Micropipelinesto implementa
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signallingjoin (synchronisation)operation.ThissynchronisationisanAND functionapplied

to bothupanddown-goingsignaltransitions.

call – Call allowschannelmultiplexingbasedonrequestsignalarrivalorder. Requestsonthe

call element’sinputs(‘R1’ and‘R2’) areforwardedto therequestoutput‘R’. Acknowledge-

mentsto the requestoutputarecarriedbackto theacknowledgementcorrespondingto the

requestinginput(‘D1’ and‘D2’). A callmustreceivemutually-exclusiverequeststo function

correctly.

arbiter – The arbiter can be usedto provide a decisionbetweenpossiblysimultaneous

requestinputs. It isoftenfoundconnectedto thecall elementto form anarbitratedcall (often

providedasanelementin itsown right asmany optimisationsarepossiblewherecall follows

anarbiter). Onreceiving requestson‘R1’ or ‘R2’ or both,adecisionismadeandonerequest

isgrantedbytransitioningeither‘G1’ or ‘G2’. ‘G1’/‘D1’ and‘G2’/‘D2’ formhandshakepairs

with a transitionon ‘D1’ or ‘D2’ freeingthearbiterto servicefurther requests.Thearbiter

canbea difficult elementto implementasit requirestheuseof a mutual-exclusionelement

to preventpossiblemetastabilitypresentin theelementfrom propagatingto theoutputs‘G1’

and‘G2’ while adecisionis made.

select– Theselectcomponentis usedto directanincomingsignalto oneof two outputsin

themannerof acontroldemultiplexer.

toggle– Thetoggleelementemitstransitionsalternatelyon thedottedandundottedoutputs

with a singleoutputtransitionoccurringfor eachinput transition. Thedottedoutputis the

first outputto emita transition.

capture-passlatch – Pipelinelatchescan be built aroundthe capture-passlatch a latch

structurewhich incorporatesthe latch-openingdelayasa delaybetweeninput andoutput

signalpairs. Datais capturedby thelatchon receiptof a transitionon thecaptureinput and

is invalidated(thelatchmadetransparent)by a transitionon thepassinput.

A commonaddition to the micropipelinemacromoduleset is the decision-wait[41] (also

shown in figure2.3). Decision-wait implementsa ‘gate’for a numberof input signalsunder

thecontrolof a common‘trigger’ signal. Decision-wait implementationsfor 2 and4-phase
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Figure 2.2. Micropipeline elements

signallingareshown in figure2.3. Noticethat the4-phasedecision-wait is just a meansto

encapsulateanisochronicfork betweenanumberof synchronisingC-elements.The2-phase

versionis similar but usestwo XOR gatesto restorethe level of the trigger input of the

C-elementwhich isn’t firedbackto its pre-triggerstate.

Decision-waits canbe usedto implementthe micropipelinecall elements.An XOR gate

combinesinput requeststo form theoutputrequestandthedecision-wait is usedto trackthe

input to which the acknowledgementmustbe returned.The fork necessaryto implement

thischoiceis encapsulatedby thedecision-wait. Thisfork-encapsulationis especiallyuseful

in similar 4-phasecircuitswherecleanreturn-to-zerobetweenactivationsis required.The

2-input,singletriggerdecision-wait canalsobegeneralisedto a n-input (rows) × m-trigger

(columns)device. In this nomenclature,thecommonn-input decision-waitshave ann × 1

geometry.

Much of the detail of micropipelinedcircuits is concernedwith the control of transparent

latches.Thecapture-passlatchis a usefulelementasit implementsthecontrolnecessaryto

openandclosealatchundertwosourcesof 2-phasecontrol. Thecapture-passlatchdoesthis

by usingbothcontrolsignals(capture– ‘C’ andpass– ‘P’) to drivea latchcell andgenerate

‘done’signals(capture-done– ‘Cd’ andpass-done– ‘Pd’) topassbackasacknowledgements.

A two stageFIFO composedof capture-passlatchstagesis shown in figure2.4.This FIFO
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shows the generalpushdriven natureof datamovementin a micropipelineandthe useof

invertedinput C-elementsto provide circuit initialisation. A similar latch controller (also

shown in figure2.4)canbeimplementedusinga conventionaltransparentlatchwith theuse

of amergeandtoggletogeneratea latchtransparentsignal(‘LE’, the‘LEd’ signalis the‘LE’

delayedby driving thelatches)from thecaptureandpasssignalsof thefirst controller.

Pipelinesmaybeforkedandjoinedeitherconditionally(multiplexing/demultiplexing)orwith

forkedpathscomingbacktogetherin asynchronisation(themoreusualuseof thetermsfork

andjoin). Simplechannelforksmaybeimplementedwith aC-elementandawire fork. De-

multiplexing (forkingwith only onedestinationchanneltakingthedata,completingthecom-

munication)canbeimplementedwith aselectelementandamerge. Channeljoins/combines

arepossiblewith mergeor C-elementsin therequestpath. Whereachannelis forked,delays

in thecontrolpathsmaybenecessarytoensurethatthebundlingconstraintsof controlandthe

demultiplexingof forkeddataportionsof thechannelaremet. Theuseof bundleddatain the

pipelinestagesthemselvesalsomakestimingclosuremoredifficult toachieve. In somecases,

asMicropipelinesarecommonlyusedtodescribeprocessingpipelines,thephysicallayoutof

adjacentpipelinestagesmaymaketimingconstraintseasiertomeet.Thefork andC-element

structuresarecommonin otherdesignmethodologieswhichusechannelcommunications.

Sutherland’s original Micropipelinesmadeuseof 2-phasecontrol signalling. 2-phasesig-
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nallingmakestheconstructionof pipelinelatchcontrollersconceptuallyeasierasconsidera-

tionsof return-to-zerophasesin controldonotarise.Thecomplexity of individualmacromod-

ulesisgreaterfor 2-phasesignallingsolutionsthanfor simple4-phaseimplementations.This

addedcomplexity isduetotheneedtomaintainstatein thosemacromodulestotrackthelevels

of outputsignalsbetweenhandshakes. 2-phasesignallingalsomakestheimplementationof

pull channeltransactionsimpracticalby requiringextra latchesto beintroducedto hold data

valuesbetweenhandshakes. In similar 4-phaseimplementations,therequestreturn-to-zero

canbeusedto signalto thedatasourcethat thedatahasbeentakenandmaysubsequently
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be removed from a channel.Pull channelsfind applicationsin busdesign[5][52] andin DI

implementationof channelforks. In Micropipelines,theseapplicationsmay requireeither

isochronicforksor thebreakingof the‘rules’of thedesignstyle.

When using 4-phasesignalling with Micropipelines,the merge elementis implemented

with anOR gate,theselectelementbecomesa simpledemultiplexerandthetoggleelement

becomeslargely redundant.Latch control also becomesa major concernwith 4-phase

signalling. Controllersusingdifferent4-phaseprotocols,varyingdegreesof parallelismof

theinput andoutputhandshakesandothertricksarepossible[29][63] andneedto bechosen

for particularpipelineapplications.

2.3.2. Macromodules

Macromodules[66] weredevelopedby Clark at WashingtonUniversityduringthelate1960s

asasystemfor constructinglargedigital circuitswhichwerecomposedof pre-built blocksof

asynchronouslycommunicatingfunctionalunits– macromodules.Circuitsbuilt usingthese

blocksneedednotiming validation. Theblocksthemselvesandinterconnectingcableswere

built to preservebundlingconstraintsbetweendataandcontrol. Datawasencodedin binary

with two controlsignals:initiation (request)andcompletion(acknowledge).Pulseson these

controlsignalsconstitutedrequestandacknowledgeevents.

The macromoduleswere physically constructedusing rack mounted,plug in modules

built using off-the-shelfSSI logic gate ICs. Interconnectconsistedof connectionsmade

by thejuxtapositionof themodulesin therackandtheadditionof patchcablesto join one

macromoduletoanother. Dataconnectionshadafixedwidthof 12bwhichcouldbeextended

by theuseof additionalmacromodulesby connectingtheinternalcarryusingtherack-based

interconnect.Thecontrolstructurespossibleusingmacromodulesareverysimilarto thoseof

micropipelines.Mergeandrendezvouselementscombinesignalsin thesamewaysasXOR

gatesandC-elementsdofor transitionsignalling. A call elementalsoexistsandhasthesame

behaviour asits micropipelinesuccessor. Datais communicatedby pushhandshakeswith

controlgatingof datapossibleusingadatagatemodule.Thedatagateprovides4handshake

ports:apairof datainputs,onefor inputdatato begatedby thismoduleandtheotherwhich

passesoneinputdataungated(thisinputcanbeusedto cascadedatagatesto producecontrol

Chapter 2. Asynchronous Synthesis 39



2.3. Macromodules and DI interconnect

drivendatamultiplexers),acontrolinputwhichenablesthetransferandadataoutput.A data

gateconnectedto a registerwrite is verysimilar in structureto amicropipelinedcontrol/data

synchronisationfeedinga latch.

Thedatagatealsoservesasimilarfunctionto thetransferrercomponentin handshakecircuits

(describedastheBalsaFetchcomponentin §3.5.1). Themaindifferenceis thata transferrer

pulls its input datafrom thesourcingmoduleratherthanallowing for datacommunications

to drive inputs(suchaslatchwrite portsdirectly). In controlterms,micropipelinesrepresent

amoredataflow-likeapproach,with controlfollowingdata.Macromodulesencouragegating

of flowing datausingthe datagatemodule,similar gating in micropipelinesmustbe built

with ad-hocsynchronisation.Handshakecircuitsaremorecontroldrivenwith thetransferrer

formingpartof mostcommunications.

2.3.3. Brun vand’s OCCAM synthesis

Brunvand’s macromodularsynthesis[13] systemmakesuseof the channel-based,CSP-like

programminglanguageOCCAM [38] to describecircuits. Descriptionsare automatically

synthesisedinto compositionsof control,variableread/writeanddatapathmacrocellsimple-

mentedwith 2-phasesignallingwith bundleddata.Theconnectionsbetweencomponentsare

expressedasseparaterequest,acknowledgeanddatasignalswith componentsplaceddirectly

to form final,gatelevel circuit netlists.Peepholeoptimisationof thosenetlistsisusedto trim

unusedcomponents.Theboundariesof themacrocellsareusedto restrictoptimisationsfrom

removing hazard-eliminatingredundancy from designs.

2.3.4. Plana’s pulse handshaking modules

Plana[61] describesa systemof macromodulesfor constructingcircuitsusingpulse-mode

handshaking.Pulse-modesignallinghasbeenusedin othersystemsin earlyasynchronous

systemssuchas Macromodulesand MU5 [53], an asynchronousmainframedevelopedat

ManchesterUniversity. Pulse-modesignallinghas,morerecently, beenusedto implement

arbiters[35] andin systemswherepulsedoperationismoreappropriateto theimplementation

technology, suchasJosephsonjunctionbasedRSFQlogic [55]. Plana’sexamplecircuitsbuilt

usingthepulse-modecomponentsarehandconstructedbut apseudo-codeisusedtodescribe
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circuits’specificationswhichcouldbeusedasthebasisfor asynthesissystem.

Themacromodulesthemselvesaredescribedusingpetri-netswith signalpulselabelledtrans-

itions. Thesepetri-net descriptionsareflow-tablesynthesisedinto gate level implementa-

tions. Protocoladaptersallow themoreusual2 and4-phasehandshakingcircuitsto connect

toportsof pulsemacromodules.In construction,pulsehandshakingcombinestheconceptual

simplicity andlack of redundantphasesof 2-phasedesignwith a quiescentstatewhich can

bedeterminedby signallevels(requestlow, acknowledgelow) which4-phasedesignsenjoy.

Sequencingcontrolcomponentscanbeimplementedwith just wiresandmergingof signals

requiresonly anORgate. Unfortunately,a join elementrequiresthreeC-elementsin itscon-

structionwhereonly oneis necessaryin 2 or 4-phasesignalling. Optimisingaway joinsbe-

comesamoreimportantoptimisationthanmaybethecasewith conventionalhandshaking.

Timing validationfor pulse-modecircuitsmustensurethatpulsesarewideenoughto beob-

servedby destinationmacromodulesafter inertial interconnectdelaysaretakeninto consid-

eration. Pulsesmustalsobe suitablyseparatedto prevent delaysfrom coalescingadjacent

pulses.Theseconstraintscouldbedifficult to ensurein newer, sub-µm,CMOStechnologies

wheretheratioof interconnectdelaysto gatedelaysis rapidlychanging.

Planaadditionallydescribessomeimproved sequencersfor usein 4-phaselevel-sensitive

signalling. Theseimprovementsconcentrateon overlappingthe return-to-zerophasesof

adjacentsequencedoperations.Conflictscausedby theseoverlappingscanbe resolvedby

includingextragatesto re-introducethecompletesequencingonacase-by-casebasis.

2.4. Other async hronous synthesis appr oaches

Macromodularcircuit compositionis not the only commonlyusedapproachto the design

of asynchronouscircuits. Methodswhich synthesiseasynchronousdescriptionsdirectly to

conventionallogicgatesor transistorlevel implementationsalsoexist. Amongstthesearethe

useof classicalasynchronousstatemachines,petri-net/STGbasedsynthesisandburst-mode

asynchronousstatemachines.Theseapproachesrequirethe userto describethe circuit’s

behaviour in termsof individualsignaltransitionsusingstate-diagram-likeinputdescriptions.

Theseapproacheswill henceforthbereferredto asthegraphbasedapproaches.

Chapter 2. Asynchronous Synthesis 41



2.4. Other asynchronous synthesis approaches

Graphbasedapproachescanbeunnecessarilycomplicatedto work with for largecircuit de-

scriptions.Languagebasedinterfaceswhich usegraphdescriptionsasan intermediaterep-

resentationmake it mucheasierfor existing,synchronousindustrialdesignersto make use

of asynchronousdesign(aswell asincreasingproductivity for experiencedasynchronousde-

signers).

Two otherapproachesaredescribedbelow:NULL ConventionLogic (NCL) andCommunic-

atingHardwareProcesses(CHP). NCL isamethodfor describingDI implementationof func-

tionsusingthresholdlogic gatesin a way which allows thesimpleadditionof pipeliningto

functionalunits(muchlikein Micropipelines).CHPis aCSP-likelanguagefor whichasyn-

thesismethodexiststo produceQDI implementationby languagelevel designrefinement.

2.4.1. ‘Classical’ async hronous state machines

The formalisationof asynchronousmethodologiesbegan with synthesisof asynchronous

statemachines.Machinesweredescribedusingthesamekind of statediagramnotationused

for synchronousMealy statemachinesandwere implementedwith conventional,boolean

logic gates.Methodssuchasflow-tablesynthesis[72] exist to derive implementationsfrom

statediagrams. Theseasynchronousmethodshave the samekinds of computationally

expensive problemsof stateencodingandlogic optimisationcommonin synchronousstate

machinesynthesis.

Asynchronousstatemachineswork by generatingoutputand‘new’ statesignalsasfunctions

of themachine’sinputsand‘old’ statesignals.Thedifferencebetweenasynchronousandsyn-

chronousstatemachinesis thatthenew statesignalsareconnecteddirectlyto theold statesig-

nalswithoutinterveninglatchesresultingin blocksof combinatoriallogicwith feedback.The

lack of latchesanda clock to providediscretepointsof statechangemeansthata transition

from onestateto anothermayalsopassthroughmany intermediate,transientstateswith one

or morestateor input bitschangingbetweenstates.Theimplementationof sucha machine

mustallow all possiblepathsfromonestablestatetoanothertobeallowedbutwithoutcausing

hazardson thecircuit’soutputs.For example,for anoutputof a machinewhich is heldhigh

in two states,a transitionbetweenthosestatesmustnot beallowedto pulsethatoutputlow

whileswitchingfromonesumtermof thatoutput’sfunctionbeingtruetoanother. Redundant
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termsmustbeincludedto maintainthatoutputduringthestatetransition.

The (required)redundancy introducedto prevent hazardsmaybe removed by zealousgate

leveloptimisation.Thismakestheuseof the function-preservinglogicoptimisationmethods

usedfor synchronousstatemachinesynthesisunsafe.In orderto keepthecomplexity of the

stateassignmentandstatechange/outputhazardeliminationundercontrol(in orderto make

synthesiscomputationallytractable),a numberof behavioural assumptionsarecommonly

imposedon thebehaviour of theenvironmentin which thesecircuitsareplaced.Themost

commontwo assumptionsarethefundamental-modeassumptionandthesingleinputchange

assumption. The fundamental-modeof operationassumesthat no input signal changes

occurwhile thestateof amachineis settlingafterapreviousperiodof inputchangeactivity.

Thesingleinput changeassumptionrequiresthatinput changesoccuroneat a time in order

to reducethe numberof pathsbetweenstablestates.The two assumptionsareoften used

togetherwith classicalasynchronousstatemachines,this restrictssuchmachinesto single

input changesseparatedby enoughtime for internalstateto settle. Thesingleinput change

assumptioncanmake this classof circuitsdifficult to work with asthe function of many

asynchronouscontrollersis to coordinateasynchronouslyarriving signalswhich,obviously,

mayoccursimultaneously.

Thedifficultiesof workingwith classicalasynchronousstatemachinesandwith thetractab-

ility of thesynthesisroutehave led to a declinein theiruseasa circuit descriptionapproach.

Thisis evidentfrom thedeclinein theteachingof theapproachto engineeringstudents.The

designof asynchronousstatemachinesformedacommonpartof digital designtextbooksin

the1960sand1970sasamethodfor constructinglatchesandflip-flops. By thelate1970sand

1980s,mostsuchtextbooksinsteadconcentratedon thepracticalitiesof synchronousdesign

andtheuseof thenew VLSI technologies.Theuseof burst-modeandpetri-netsynthesishave

largelysupplantedthemamongstasynchronousdesignadvocates.

2.4.2. Petri-net synthesis

Petri-netsweredevisedasa formal,graphicalmeansfor describingthebehaviour of concur-

rentsystems([12] makessomeinterestingcomparisonsof petri-netswith otherconcurrency

formalisms).Theirusein circuitdesignmakesit easiertodescribesystemswhichareconcur-
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rentataveryfinelevel (whenusedtodesignsignallevelcircuits). Thiskindof concurrentop-

erationcanbemoredifficult to expressin statediagramswithoutdrawing multiplediagrams

or resortingto expandingtheCartesianproductof thestatesof all theconcurrentportionsof

adesign.

A petri-netconsistsof placesand transitionsconnectedtogetherby directedarcs. State

is representedby theflow of tokensarounda systemwith the tokensresidingin theplaces

betweenactions.Eachdirectedarcconnectsa placeto a transitionor a transitionto a place.

Placeto transitionarcsprovide tokensfor transitionswhich mayallow thattransitionto fire.

Transitionto placearcscarrytokensawayfrom firing transitionstowardsothertransitions.

A transitionmay fire whenall the arcsleadingto it comefrom placeswhich hold at least

onetoken. A fired transitionwill emit a token into eachof the outgoingarcsfrom it and

sointo eachof theplacesconnectedto thosearcs. Tokensarenot necessarilypreservedby

thetransitionfiring action:theuseof multiple outputarcsfrom a transitionallow tokensto

bereplicated(a fork). Multiple outputsfrom a placeallow a choiceof actionsbetweenthe

targettransitions(anarbitrationor choicemadeby anotherplace’stoken)andmultipleinputs

to a placeallow merging of token paths. Transitionsareusuallyannotatedwith actionsto

takeplacewhenthattransitionfiresor acondition(in additionto thepresenceof a full setof

tokens)whichmustbesatisfiedfor a transitionto fire.

Table2.1shows five waysof usingpetri-net fragmentsto describecommoncontrol struc-

tures.Fork andjoin canbeusedtogetherto performa numberof parallelpathsthroughthe

netwhich,synchroniseandjoin backinto a singlepath. Choiceandmergecanbeusedin a

similarway to allow a choicebetweenpaths.Drawing all theplacesfor petri-netswhichare

composedmostlyof singleinput/singleoutputplacesbecomestedious.For thisreason,places

areoftenomittedwherethey areof little interest.Petri-netfragmentsfor thisabbreviatedform

areshown in thesecondrow of figuresin table2.1.

Placesmay, in general,containzeroor moretokensalthoughthesubsetof petri-netswhich

only allow 0 or 1 tokensto occupy a placeareparticularlyuseful. Thesearecalled safe

petri-nets.

Thepositionof tokensin a petri-netis calledthemarkingof thatnet. At thestartof its life,
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Sequence Fork Join Choice Merge

T1

T2

T1

T2 T3

T1 T2

T3

T1

T2 T3

T1 T2

T3

T1

T2

T1

T2 T3

T1 T2

T3

T1

T2 T3

T1 T2

T3

Table 2.1. Petri-net fragments

a net hasan initial markingof tokensin placesrepresentingthe ‘reset’stateof thesystem.

Figure2.5givesanexamplepetri-net(usingtheabbreviatedform of petri-netdiagram)with

2 tokensin its initial marking. This petri-netrepresentsthe 2-input decision-wait element

describedin §2.3.1, it is safeandhaslevel changeson input andoutputsignalsannotating

its transitions.Transitionswith output signalchanges1 areactionswhich the circuit must

perform,transitionswith inputsignalchangesarefiring conditionsfor thosetransitions.

A’+ B’+

C+

join

B+A+

C− B−A−

B’−A’−

fork

initial tokens

(made by environment)
‘free’ choice

‘controlled’ choice

Figure 2.5. 2-way decision-wait petri-net

1To differentiatebetweensignaltransitionsandpetri-nettransitionsor statetransitions,thetermsignalchangewill
beusedto referto achangein thelevel of physical,wire borne,signal.
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Thistypeof signal-transition-describinginterpretedpetri-netis known asaSignalTransition

Graph(STG) [17]. STGsarethebasisfor thecircuit synthesisapproachesusedby thetools

SIS [65], Petrify [19] and CASCADE [7]. Many of the synthesisalgorithmsprovided with

SISwill only synthesisea subsetof thesedescriptionswhich containno choice. Petrify, on

the otherhand,cansynthesisesafenetswith choiceandalsonetswith booleantransitions

guardsin additionto signaltransitions.CASCADE takesdescriptionsin a extendedform

of STGknown asageneralisedSTG(gSTG). CASCADEmakesuseof thetoolsPetrifyand

3D (a burst-modetool, burst-modemachinesaredescribedin thenext section)assynthesis

back-endsto producecircuitsfrom transformedversionsof its inputgSTGdescriptions.

Thecomplexity of petri-netsynthesisliesmainlyin theallocationof statesignalsto represent

thestateof thesignalsandmarkingin orderto distinguishmarkingswhich have the same

inputsignalpattern.Thisstateencodingcanbederivedby handby insertingextratransitions

into a netandannotatingthosetransitionsassignaltransitionson internalsignals.Thesein-

ternalsignalsarethefeedbacksignalsmakingup thestateholdingin thatnet’s implementa-

tion. Theintentionin addingtransitionsfor thesesignalsis topartitionthecircuit into regions

in which like input signalspatternsin stateswith differentoutputs/successorstatescanbe

distinguishedby differencesin thestateof internalsignals.Theautomationof thiscomplete

statecodingmakestheuseof petri-netsynthesisasanintermediateformof circuitdescription

for higher-level synthesissystemspossible.

Petri-netshavebeenusedby Kilks, VercauterenandLin [45] to reimplementcontrolin hand-

shakecircuits. Fragmentsof petri-netsrepresentingthecontrolpathsthroughthehandshake

circuitscontrolcomponentswerecomposedandtheresultingpetri-netspresentedto a petri-

netsynthesistool for stateassignmentandcircuit implementation.Only thehandshakechan-

nelsat theroot andleavesof thetreewereleft intactby thismappingprocess.This form of

optimisationof a clusterof handshake componentsinto a moretightly stateencodedform

(with the reducedareaandpossibleperformanceincreasethis implies)is suggestive of the

form of handshakecircuit optimisationmethodspresentedin chapter5.

2.4.3. Bur st-mode machines

Burst-modemachines[54] arevery similar to classicalasynchronousstatemachines.Beha-
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viour is describedwith a statediagramannotatedwith input change/outputchangesignal

changeson thestate-to-statetransitionarcs. Figure2.6 shows the2-way decision-wait ele-

mentdescribedasa burst-modemachine.ThedoubleringedstateS1is the initial machine

state.StatesS2andS3reachablebyraisingCtogetherwith eitherA or Brespectively. Notice

thatmorethanoneinput signalchangecanbepartof the input signalchangeof a state-to-

statetransition.Morethanoneoutputchangecanoccurateachstatetransition(althoughthis

is not shown in thegivenexample).

C+ A+ / A’+ C+ B+ / B’+

C− B− / B’−C− A− / A’−

S1S2 S3

Figure 2.6. 2-input decision-wait burst-mode machine

Theconcurrentburstsof input or outputchangesat statetransitionsgive this form of state

machinestheirname.Thesignalchangesmakingupaburstmayoccurin any orderallowing

a singleinput burst to expresstheinput eventreorderingwhich is sooftenrequiredin asyn-

chronousmachines.Unfortunately, thisis theonly form of concurrency availablewith burst-

modemachinesunlessa numberof machinesareconnectedtogether. A back-endfor Balsa

which mapsontoburst-modemachineshasbeendevelopedby Chelcea[16]. This back-end

amalgamatesstreamsof sequencedcontrol into singleburst-modemachinesbut requiresa

fork/join structureandaseparationinto multiplemachinesto implementconcurrency.

Two popular tools exist to implementburst-modemachines:3D [75] and MINIMALIST

[26]. Both tools producefundamental-modeimplementationswith SI timing assumptions.

Fundamental-modeoperationplacesa requirementon the environmentto not respondto

outputchangesby changingcircuit inputsuntil theinternal(fedback)stateof thecircuit has

settled. This modeof operationdoes,however, make statecodingeasierby not having to

considerstatechangesdueto inputchangewhilst theinternalstateof themachineis settling.

Fewer restrictionsare,asa consequenceof this simplification,placedon the optimisations

whichmaybeperformedonanimplementationwithoutcompromisinghazardsafety.

Simplifyingthestatecodingproblemmakeslarger(sequential)descriptionstractablein burst-

modemachinesthanin STGsynthesis.It couldbearguedthatwhenpartitioninga specific-
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ationsinto communicatingburst-modemachines,thestatecodingproblemsis replacedwith

theproblemof pickingwhereto placethetransitionsonthewiresconnectingtheburst-mode

machinestogether. A recentsynthesissystem,ACK [46], usesburst-modemachinesfor syn-

thesiswith automaticpartitioningof theinputdescription.

2.4.4. Comm unicating Hardware Processes – CHP

CHP is anotherCSP-like language.Its main distinguishingfeaturesfrom macromodular

systemslike Brunvand’s OCCAM synthesis(§2.3.3), Tangramand Balsa are the useof

languagelevel signallingexpansionandtheprobeprimitive to make implementablecircuit

descriptionsfrom userentereddescriptions.

Signallingexpansionallows thesynthesiserto re-shufflehandshakesto allow thechoiceof

protocolto bevariedonacommunication-by-communicationbasisin orderto produceabet-

ter implementation.Theprobeallowsthevalueof aninput signalto besampledin orderto

implementchoicebetweeninput communications.Theprobecanalsobeusedto write de-

scriptionswhichuseindividualsignals(ratherthanhandshakechannels)to form communic-

ations.

Burns [14] describesan earlyCHP-like languagewith one-hotencodeddataandthe probe

construct. Martin goeson to apply his production rule basedtransistorlevel synthesis

approachto theimplementationof CHPdescriptions[50]. CHPhasbeenusedto implement

anumberof substantialtestdesigns[62][51]. Morerecently, Tanner[69] hasbegundeveloping

commercialCAD toolsusingthesynthesismethodsusedwith CHP.

2.4.5. NULL Conventional Logic – NCL

NULL ConventionLogic wasdevisedby Fant [24] andis promotedby TheseusLogic Inc.

[70] asacompletedesignsolutionfor designingdelay-insensitiveasynchronouscircuits. The

NULL conventionin thenameis theuseof thequiescentstate(usuallywith all signalsof a

communicationlow) toseparatetokenin datacommunicationsandcontrolhandshakes.Data

isencodedin adelay-insensitivefashionusingdual-rail or 1-of-4encodingsusing4-phaseen-

codingstoallow theNULL statetobediscernedbysignallevelsratherthantransitionhistory.

Controlis also4-phase.Thesamecompletionsignalconstructioncostswhicharepresentin
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otherDI systemsarealsopresentin NCL (andaresimilarly expensiveto implement).

WhatdistinguishesNCL from otherDI approachesis theuseof thresholdgatesto implement

logic. Thresholdgatesarelogic gateswhich have outputswhich fire whenthe sumof the

weightson active inputsexceedsa fixed gatethreshold.For thresholdgateswith weights

of 1onall inputs,thethresholdis just thenumberof inputsto beactivefor theoutputto fire.

For example,a2-inputORgateisa2-inputthresholdgatewith athresholdof 1anda2-input

AND gateis asimilar thresholdgatewith a thresholdof 2.

2 2

Hysteresis threshold gate Threshold gate
firing threshold = 2

RTZ threshold = 0

firing threshold = 2

RTZ threshold = 2

Figure 2.7. NCL threshold gates

Thresholdgatescanbe generalisedto includetwo thresholds:the firing thresholdand the

thresholdbelow which theoutputwill returnto zeroafterfiring. NCL implementationsare

madeup of suchgatesbut with fixedreturn-to-zerothresholdsof zero. Theseareknown in

NCL’sterminologyashysteresisthresholdgates. Thesymbolsusedby NCL for thesecom-

ponentsareshown in figure2.7. Hysteresisthresholdgatesmakeit easierto build circuitsin

whichtheNULL stateispropagatedbut wheregatesholdtheirstatewhile their inputschange

from fired to NULL states.A 2-input,thresholdof 2 hysteresisthresholdgateis equivalent

to a 2-inputC-element.Notethat replacingplain thresholdgatesin a combinatorialcircuit

with hysteresisgatesresultsin a circuit with thesamelogical function(e.g.AND gatesto C-

elements)but with latchingpresent.Hysteresisgatescanbemoreexpensive to implement

thanplain thresholdgatesalthoughit is easyto makeuseof thestorageinherentin thegates

to form pipelinedprocessingstageswith a little extracontrol.

Synthesisof NCL circuitsfrom logicaldescriptionscanbeperformedby mappingtwo level

booleanimplementationsof thosefunctionsinto mintermsimplementedwith C-elements

andOR gatesto implementAND andOR planesusingDIMS [37]. TheC-elementsandOR

gatesof DIMS canthenbemappedontotheir thresholdgateanalogues.Thenext stageis the

difficult, currentlyunautomated,partof theNCL synthesispath. Simplehysteresisthreshold

gatescanbeoptimisedinto thresholdgateswith morecomplicatedinput weightings.These
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optimisationsarenot easilyautomatedandarethe subjectof further researchby Theseus.

Figure2.8showsa typical,fully optimised,NCL implementationof a (dual-rail)addercell.

Noticethatmorethanoneinput of the5-thresholdgatesis connectedto thesamesignalso

formingweightedinputs.

2

2

3

3
B

A

CI

CO

S+

0

1

0

0

1

0

1

1

A

B

CI
1

0
CO

S

Figure 2.8. NCL hysteresis threshold gate adder

A large numberof possiblehysteresisandplain thresholdgatesarepossiblewith varying

numbersof inputsandthresholdvalues.Onlyasubsetof thesegatesareeasilyimplementable

asCMOS gatesdue to the limits of transistorstacksizesin modern,low Vdd CMOS. In

optimising thresholdgatesof an implementation,thesesmall, implementablegatesmust

beconsideredthetechnologymappingtarget. In technologiessuchasFPGA’s, largergates

maybepossibleor it maybeadvantageousin eithertechnologyto producelargergatesby

expansioninto booleanfunctionswith feedback(suchasmightbegeneratedwith flow-table

synthesis).Thisexpansioncompromisesthedelay-insensitivity on theNCL approachalbeit

usingsimilarSI or QDI assumptionsthatmaybeappliedin macromodularapproaches.

2.5. Chapter summar y

A numberof differentapproachesto thedesignof asynchronouscircuitshavebeenpresented.

Eachof theseapproacheseitherusesor canmake useof automatedsynthesisto generate

circuit implementations.Somefeaturesof thesesystemsarealreadyusedwith theHandshake

Circuits implementationapproach– such as macromodularconstructionand peephole

optimisation.Othershavebeenappliedto theoptimisationof certaincomponentsor clusters

of components– suchaspetri-netandburst-modemachinesynthesis.
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Tangram and Balsa

The Balsa systemusesthe Handshake Circuits asynchronousmacrocell baseddesign

paradigmasanintermediaterepresentationfor synthesisedBalsadesigns.Handshakecircuits

werecreatedfor usein thesynthesisof the languageTangramcreatedby PhilipsResearch.

They areintendedtocomplementdesigndescriptionstylesbasedaroundtheuseof synchron-

ous1 channelcommunicationsin themannerof CSP[36].

Thischapteris intendedasanintroductionfor readersunfamiliarwith handshakecircuitsand

Balsa.As such,it is aslightly disjointedcollectionof sectionscoveringthetopics:

• TheBalsalanguage.

• Thehandshakecircuitsparadigm.

• Thestructureof handshakecomponents(thecomponentsof handshakecircuits).

• A notationfor describinghandshakecomponentbehaviours.

• TheBalsahandshakecomponentset.

• Someaspectsof Balsacompilation.

A fuller explanationof Balsa synthesisis available elsewhere [6], as is a more formal

introductionto theoriginalhandshake circuitsmethodology[9]. A longerdescriptionof the

Balsalanguagecanbefoundin theBalsaUserManual[20] and(for comparison)theTangram

languagedescriptioncanbefoundin theTangramManual[64].

3.1. Handshake cir cuits

Handshake circuitscombinemacromodulardesignwith delay-insensitive communications

to producea designmethodologyin whichentiredesignsaredescribedusingmacromodules

connectedtogetherby asynchronouscommunicationchannels.Eachhandshakecomponent

(macromodule)in a designis an instanceof a library cell which maybeparameterisedto a

1in thesenseof bothsenderandreceiverbeingsynchronisedby acommunication
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limiteddegree.Thereareonlyasmallnumberof suchcellsdefinedin aparticularhandshake

componentset.

aclk

activate

count

@

"0;1"

1
0

1

0
4

4

4

|
4 4

tmpx /= 9
4 count

_reg

→

→ →

→

→

44

x + 1

14

# DW ;

*

44

Figure 3.1. A simple handshake circuit (a modulo-10 counter)

3.2. The Balsa langua ge

TheBalsalanguagewascreatedto provide a sourcelanguagefor compilinghandshake cir-

cuits. For this reason,it is very similar to Tangram.Circuitsaredescribedby procedures

whichcontaindescriptionsof processesinitialisedby anactivationport. Procedurescommu-

nicatewith otherproceduresbymeansof handshakeports.Communicationsbetweenparallel

composedprocedureinstantiationsarecombinedusingthechannelcombinationcomponents

describedin theprevioussection.Mostproceduresconsistof abodycommandwhosebeha-

viour isperpetuallyrepeatedusinga loop … end loop. ThisisthesourceBalsadescription

for thecounterexamplegivenin figure3.1:

import [balsa.types.basic] -- 1
public

type C_size is nybble -- 2
constant max_count = 9

procedure mod10 (sync aclk; output count: C_size) is -- 3
local -- 4

variable count_reg : C_size
variable tmp : C_size

begin
loop -- 5

select aclk then -- 6
if count_reg /= max_count then -- 7
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tmp := (count_reg + 1 as C_size) -- 8
else

tmp := 0
end ;
count <- count_reg ; -- 9
count_reg := tmp

end
end

end

This examplecontainsexamplesthe useof most of the Balsafeaturesnecessaryto read

laterexamples:

1. Pre-compiledmoduleinclusion. In thiscase[balsa.types.basic] only defines

somecommontypes:byte, nybble … The public keyword separatesimportsand

file-local definitions(delimitedby the keyword private ) from thoseexportedfrom

thismodules.

2. Typeandconstantdeclaration.

3. Proceduredeclarationwith syncandoutputports.

4. Localvariables/latches.

5. Indefiniterepetitionwith loop . Onceactivateda loop never terminates.

6. Passiveinputenclosureusingselect . Thecommandsinsidetheselect areenclosed

in thehandshakeonaclk , aclk is effectively theactivationfor thesecommands.

7. if … then … else … end statements.

8. Assignment,expressionsandtypecasting.

9. Output synchronisingcommunication. An input communicationlooks like this:

channel -> variable .

OtherBalsafeaturesareexplainedasnecessarywheredescriptionsusingthosefeaturesare

used.A shortreferenceguideto Balsasyntaxandsemanticsis givenin appendix1.

3.3. Handshake components, por ts and channels

Eachhandshake componenthasoneor moreportswith which it canbeconnectedpoint-to-

point to a port of anotherhandshake componentby a channel. Figure3.1shows a simple

handshakecircuit composedof n handshakecomponentslinkedby m channels.Eachchan-

nelcarriesrequestandacknowledgementsignallingaswell asanoptionaldatapayloadwith
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requestsflowing from theactivecomponentports(filled circles)towardspassivecomponent

ports(opencircles).Acknowledgementsflow in theoppositedirectiontorequestsin theusual

fashion.Wherea channelcarriesdata,thedirectionof thatdatais indicatedby anarrow on

thatchannel’sarc. Notethatthedirectionof datamaybedifferentfrom thedirectionof sig-

nallingto supportpushandpull portandchannels(all of thesetermsaredefinedin §1.1.1).

To completethechannel/portterminology:

• A syncor nonputchannel/portis onewhichcarriesnodata.

• Thedirectionof aport is thedirectionof dataonthechannelconnectedto thatportwith

respectto theport’scomponent.Valid directionsareinput andoutput.

• Thesenseof a port is thesignallingdirectionon thatport. Activeportssourcerequests

onchannelsconnectedto themandpassivechannelreceiverequestsfrom theirchannels.

Thecombinationof senseanddirectiononportsgivesriseto four differentportnatures

for databearingports:active input, active output,passive input and passive output.

Passive input andactive outputchannelscanbe connectedusingonly pushchannels.

Active input andpassive outputchannelscanbe connectedusingonly pull channels.

Nonputportsalsohaveasense,giving theportnatures:activesyncandpassivesync.

• The type of a channel/portis the data type to which valuescommunicatedvia that

channel/portaremembers.For mostpurposes,thetypeof handshakecomponentports

areconsideredto bejustsimplebit vectors.

Although the handshake circuits in this thesisare implementedusing the bundled data

convention,it isnotnecessarytoprovideanexplicit request(or acknowledgementin thecase

of pull channels)wherethatevent is codedin thedataon a channel(asis thecasewith the

delay-insensitivecodesintroducedin §1.1.3). In particular, earlierversionsof theTangram

designflow targetteddual-railimplementations.

3.4. Notation

Each of the handshake componentsdescribedin the next sectionis accompaniedby a

descriptionof that component’s behaviour. This behaviour is expressedin a new notation

similar to vanBerkel’shandshakecircuit calculus.

Chapter 3. Handshake Circuits, Tangram and Balsa 54



3.4. Notation

VanBerkel’shandshake circuit calculusdescribesthebehaviour of componentsin termsof

thesequencing,concurrency andenclosureof theirhandshakes.Theportsof acomponentare

assumedto bereceptive to incomingrequestsat all timesandassuch,undertheassumption

of aDI environment,whereburstsof inputsor outputsmayvalidly occurin any order. These

assumptionsmake thehandshakecircuit calculusconvenientfor constructingsuccinct,valid

behavioursfor handshake componentbut do not allow subtletiesof implementationsuchas

preciseenclosureandconcurrency semanticsto beexpressed.Thecalculusallowsfor many

implementations,handshakeexpansionsandrefinementsto a descriptionto bederivedfrom

a singledescriptionandassuchprovidesa minimumdegreeof specificationfor handshake

components.Componentbehaviour must be describedin other ways (tracedescriptions,

STGs/petri-nets,stategraphs)in orderto allow implementationdetailsto beexpressed.

This new notationis introducedto allow theoverlappingsof handshakesrequiredto imple-

menthandshake componentsefficient to beexplicitly expressed.For example,to allow the

distinctionbetweensituationswherehandshakesareconcurrentlycomposedandareinde-

pendentof eachotherandcaseswherethosehandshakeshave synchronisedreturn-to-zero

phases.This new notationis, like van Berkel’s calculus,directly mappableonto 4-phase

refined(signallingordering/interleaving expanded)descriptionsof thosecomponents.Al-

thoughvanBerkel’snotationis intendedto bemappedinto a refinedimplementationby less

directmeans.UnlikevanBerkel’snotation,datacommunicationsareincludedin thenotation

in amorecompleteway(vanBerkel [9] tendsto useTangram-likedescriptionsratherthanthe

handshakecircuit calculusto expressdataoperations).

Thisshortintroductionto thenew notationwill concentrateon theexpansionof termsin the

notationwherechosenhandshakingprotocolsareassumedonthevariouschannels.

3.4.1. Term expansion

To produceanimplementation,a choiceof handshakeprotocolsmustbemadeandtermex-

pansionsfor thoseprotocolsappliedto termsof the notation. Eachterm expandsinto two

handshakephases:theupphase,indicatedbytheoperator‘ ’ andthedownphase,indicatedby

theoperator‘ ’. A completeexpansionof adescriptionbecomesacompletecircuitbehaviour

by sequentiallycomposingup anddown phasesto form a wholehandshake. The simplest
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expansionis for anactivesynccommunication,denotedby thenameof theport/channelon

which thecommunicationtakesplace. For example,a 4-phasephaseexpansion(asa trace

description,albeitwith theassumptionof a receptive environmentandthereorderabilityof

input/outputbursts)of anactive syncis (channelsdenotedby lower caseletters,commands

by uppercaseletters):

(c) = cr ↑ ; ca ↑

(c) = cr ↓ ; ca ↓

The operatorsgiven in the expansionsherecomposea tracedescriptionof the expanded

operationsalbeitwith theassumptionof a receptive, reorderringenvironment. Expansions

into petri-netfragmentsaresimilarly direct.

Commandcombining operatorsalso have expansionsinto two phases.The phasesof

the combinedcommandsmay be composedinto partsof eitherup or down phasesof the

combinedexpansion.Thethreesimple,commandcombiningoperators(andtheirexpansions

in 4-phasebroadsignalling)are:

Sequencing– A ; B

(A ; B) = (A); (A); (B)

(A ; B) = (B)

Concurrency– A || B

(A || B) = ( (A); (A)) || ( (B); (B))

(A || B) = ε (empty, and of A andB arenotseparated)

Concurrencywith synchronisedphases– A , B

(A , B) = (A) || (B)

(A , B) = (A) || (B)

Enclosureof a commandinside a passive sync communication(betweenrequestand

acknowledge)isaverycommonoperation.Thehandshakecircuit calculusallowsthechoice

of expansiontobemadewhereseveralexpansionsexist for aparticularprotocole.g.a4-phase

broadpushhandshakemayencloseacommandlikeanearlyhandshake(between‘r ↑ ’ and‘a

↑ ’), likea latehandshake(between‘r ↓ ’ and‘a ↓ ’ or by enclosingtwo,sequenced,portions

of thecommandbetweenbothearlyandlateof theseeventpairs(i.e.‘r ↑ ; (C); a ↑ ; r ↓ ;

(C); a ↓ ’). Usingmoreconcurrency, theenclosurecouldbebetween‘r ↑ ’ and‘a ↓ ’. The

Chapter 3. Handshake Circuits, Tangram and Balsa 56



3.4. Notation

new notationusesthedifferencesin thewaythatphasesof subcommandsarepackedinto the

phasesof thecompoundcommandwhenusingthecontrolcompositionoperatorstomakethis

enclosurechoice.Theenclosure(symbolizedby theoperator‘ : ’) providedby thisnotation

(in thiscase,in all 4-phaseprotocols)is:

(c : C) = cr ↑ ; (C); ca ↑

(c : C) = cr ↓ ; (C); ca ↓

Theuseof the two paralleloperatorsandtheplacingof thefinal down phaseof a sequen-

cing operatorin the down phaseof its expansionallows usefulenclosuresto be expressed

usingthis ‘phase-by-phase’enclosureoperator. (c : [ B , C ] describesa coupledfork oper-

ation (asin thecomponentFork) and‘c : [ B || C ]’ describestwo independentparallelop-

eration(asin theConcurcomponent).Similarsequentialoperationsarepossible(in 4-phase

broad): ‘c : [ B ; C ]’ is a sequencingwith shared/parallelreturn-to-zero of ‘C’ and ‘c’;

‘c : [ B ; C ; skip ]’ is theenclosureof ‘B’ and‘C’ in theup phaseof ‘c’ with sequenced‘C’

and‘c’ return-to-zero. Notethat ‘ ; ’ associatesright-to-left and‘ : ’ bindstighterthan‘ || ’,

‘ , ’ and‘ ; ’ sothat‘c : B ; C ; C4’ means‘[ [ [ c : B ] ; C ] ; C4 ]’.

Thephase-by-phaseenclosureoperatormakesboththedistinctionbetweenthedifferentforms

of paralleloperatornecessarybut doesavoid anotationwith many complicatedenclosureop-

eratorsin which it wouldbemoredifficult to write protocolindependentdescriptions.There

areanumberof othercombinationoperatorsproviding controloperations:

Precedenceoverriding/gr ouping – [ C ]

( [ C ] ) = (C)

( [ C ] ) = (C)

Indefinite repetition – #[ C ]

( #[ C ] ) = ( (C); (C)) ∗

( #[ C ] ) = ε

Communication choice– [ a : A | b : B ] …

( [ a : A | b : B ] …) = ar ↑ ; (A)); aa ↑ | (br ↑ ; (B)); ba ↑ | …

( [ a : A | b : B ] …) = ar ↓ ; (A)); aa ↓ | (br ↓ ; (B)); ba ↓ | …

(Thepassive input/outputoperators‘ ! ’ and‘ ? ’ canbeusedin placeof ‘ : ’.)

Guarded choice– [ e → A | f → B | … ]
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( [ e → A | f → B | … ] ) = if e then (A) | f then (B) | … fi

( [ e → A | f → B | … ] ) = if e then (A) | f then (B) | … fi

3.4.2. Data operations

Dataoperationsincludeinput/outputcommunications,expressionsandassignmentto vari-

ables. Expressionsare largely uninterestingand usually expand to just a pieceof logic

betweenrequestandacknowledgeof theactivatinghandshake. Assignmentis consideredto

beaspecialcaseof acommunicationbetweenexpressionandvariablewith pull handshaking

usedto demanda resultfrom anexpression.Input/outputcommunicationsarethemostin-

terestingoperations.Tangramtreatstheseoperationslike theirCSPcounterpartswith atom-

ic expressionto port/channeltransfersfor outputsandport/channelto variabletransfersfor

inputs. Thecomponentsusedto implementthesecommunicationsexpandthetransferinto

handshakesandexploit controlsequencingswhich overlapdata-valid phasesof handshakes

to form acommunications.

Therearetwo formsof eachof the input andoutputcommands:passive andactive forms.

Thepassive formsallow commandsto be enclosedbetweenrequestandacknowledgein a

similarwayto ‘ : ’. Activeoutputalsoinvolvesanenclosureof theoutputvalueexpression’s

evaluationwith theoutputsignalling. Only activeinput resemblestheTangramcommunica-

tion, its right handsidetermmustbea variable.Theformsof thefour communicationcom-

mandsare:

Passive input

channel ? command

Active input

channel ? variable

Passiveoutput

channel ! expression

Activeoutput

channel ! expression

N.B.commandsandexpressionsarethesameform of termexceptthatexpressionsmayhave
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avaluewhich is usedby thecommunicationoperator.

With thepassiveinput,thiscommandisenclosedin thehandshakemakingupthecommunica-

tion. Thisenclosureisaboth-waysenclosurewheretheexpansionis for mixturesof thesame

protocolsonthechannelandwithin thecommand.Wherethecommandcommunicationsare

broadandthechannelis early, thisenclosureis anupenclosure.Theeffect is to ensurethat

the commandis fully enclosedin the data-valid phaseof the incominghandshake. Active

outputhasasimilar,data-valid-overlapping,expansion.Theexpressionisactivatedfirst with

itsacknowledgementprovidingtherequestfor thecommunication.Wheretheexpressionuses

earlycommunications(it is effectivelyapull communication),enclosureof thephasesof the

outputcommunicationisbetweenupanddown phasesof theexpression(theearlydata-valid

periodof a pull handshake). Usingbroadactive output,datais only invalid during the up

phaseandsothedownphasesof expressionandchannelmayrunconcurrently. Passiveoutput

worksin asimilarwaybut with enclosureof theexpressionin thecommunicationhandshake

ratherthaninterleaving of phases.An expressionin theseexpansionsis eithera command

returninga valueor a moreusualexpressionin termsof boundvariables/valueson channels

in which theexpressionis enclosed.

All commandswhich communicatedataareconsideredto returnthatdataasa valueandso

canbe usedasexpressions.This allows deeperenclosuresof communicationcommands

without requiringintermediatevariables.‘Pure’expressionterms(channelnames,variable

names,operatorson values…) areshown in italics for emphasis.Considerthe definition

of the transferrercomponent(called Fetchin Balsa)which is usedto transferdatafrom

anactive pull handshake port (‘inp’) to anactive pushport (‘out’) underthedirectionof a

passivesyncport (‘activate’):It’shandshakecircuit calculusspecification(signallingonly) is

‘#[ activate: [ inp ; out ] ]’. This specificationmirrorsthe component’s 2-phaserefinement

well but is not suggestiveof thecheap,latch-freeimplementationswith control-interleaving

whichareusedwith 4-phaseprotocols.TheBalsaFetchcomponent’sdescriptionis:

#[ activate: [ out ! inp ? inp ] ]

Activateenclosestheaction. Theactive outputon ‘out’ cannotoccuruntil theactive input

on‘inp’ hasreturnedavalue. Onreceiptof anacknowledgmenton‘inp’, thecommunication

on ‘out’ is begun andcompleteswith an enclosureof handshakesbetween‘inp’ and‘out’.
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Thehandshakeon activateis similarly intertwinedwith the‘inp’/‘out’ communication.The

expansionof this componentwith 4-phasebroad push and 4-phasereducedbroad pull

channelsis:

A = #[ activate: B ]

B = out ! inp ? inp

(B) = inp ↑ ; out ↑

(B) = inp ↓ ; out ↓

(A); (A) = (activater ↑ ; inpr ↑ ; inpa ↑ ; outr ↑ ; outa ↑ ; activatea ↑ ;

activater ↓ ; inpr ↓ ; inpa ↓ ; outr ↓ ; outa ↓ ) ∗

The obvious implementationof this specificationis a groupof threewires (plus the data

connections)between‘activater’/‘inp r’, ‘inpa’/‘out r’ and ‘outa’/‘activatea’. This is exactly

the implementationcommonlyappliedfor this component.Using the data-valid enclosure

expansionfor outputsallows control interleavingsto bedirectly readfrom thedescriptions

for datacommunicationcomponents.Wheresuchenclosuresarenot possible(with 2-phase

pull/4-phasebroadoutputsfor instance)latchescanbespecifiedin thedatapathof theexpan-

sionto extendthedata-validity of signals.

3.5. Types of components

The handshake componentsetsusedby Tangramand Balsaare very similar. The Balsa

componentset presentedherecontainsmost of the Tangramcomponents,althoughsome

mayhave differentnames.Variousimprovementsto theTangramcomponentsethave been

discussedin otherplaces[58][4] anda numberof differentnameshave beenappliedto same

componentor the samenameappliedto componentswith differentportsstructuresor be-

haviours. In orderto avoid confusion,Tangramterms(variable,transferrer, sequencer, con-

cursorandsoon)areusedto referto commoncomponenttypesbetweenBalsaandTangram.

Balsacomponentnames(Variable,Fetch,Sequence,Concurrespectively)areusedto referto

thosecomponentswith theirBalsaspecificportstructures.TheBalsacomponentnameshave

initial capitallettersto differentiatethemfrom themoregeneralTangramterms.Thenames
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of Tangramhandshakecomponentsaregivenalongwith thecomponentdefinitionsof those

Balsacomponentswhichareidenticalor similarto theirTangramantecedentsin thecompon-

entdescriptionsin thenext section.NotethatBalsacomponentsareparameterisableby port

typesandarrayedport cardinalitiesbut not by port senses.For this reason,someTangram

componentsmapontomorethanoneBalsacomponenttypewith differentportsensein each

component.

The componentdescriptionsbelow reflect the completeBalsacomponentset as it stood

beforethe work describedin chapter5 of this thesis. They aregroupedinto a numberof

componentclassesby thepartthey mostcommonlyplay in handshakecircuits. Thereasons

for this division areexplainedlater (§3.6) alongwith optionsfor reducingthe numberof

componentsin eachclass.

3.5.1. Activ ation driven contr ol components

Thecontrolcomponentsprovidetheeventsusedbyothercomponentstosequencetheiractiv-

ities. Eachcontrolcomponenthasapassivesyncactivationportandoptionallyanumberof

activesyncoutputactivationports. Connectingtheoutputactivationportof acomponentto

theactivationportof anotherallowscontroltreestobeconstructedin whichactivity attheleaf

portsis controlledby a singlecollective activationport on theroot component.Activity on

theoutputactivationsis enclosedwithin handshakeson theactivationport andsoleaf activ-

ity is enclosedwithin handshakeson theroot component’sactivation. As thesecomponents

areusedprimarily to implementcommandcompositionin handshakecircuit HDLs,theterm

commandisusedbelow to referto activationtriggeredsubcircuitsconnectedto controlcom-

ponents’outputactivationchannels.TheBalsacontrolcomponentsare:Continue,Halt,Loop,

Sequence,ConcurandFork.

Contin ue and Halt

ContinueandHalt arethesimplesthandshake components.Continue’s only function is to

acknowledgeall requestspresentedto it andHalt’sis to neveracknowledgesrequests.These

two componentsareusuallyonly usedto tie off unusedactivations(usuallybeforeapplying

optimisationswhich simplify the componentconnectedto the Continue/Halt).The Balsa
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run /
stop inp

Contin ue / Halt  [RUN[~] / STOP[~]]
( passivesyncinp )

Continue:#[ inp ]
Halt:stop

activateOutactivate #

Loop  [REP]
( passivesyncactivate;

activesyncactivateOut)

activate: #[ activateOut]

Figure 3.2. Continue, Halt and Loop handshake components

commandscontinue and halt map directly onto thesecomponentsalbeit with the

Continuealmostalwaysbeingremovedby thecompiler.

Loop

Loopprovidesunboundedrepetitionof a commandconnectedto theactive ‘activateOut’en-

closedin a handshake on ‘activate’. As this handshake cannever beacknowledged,theac-

knowledgementpathleadingfrom the‘activate’port backup thecontroltreecanbepruned.

Thetermpermanentisusedtodescribehandshakecircuit fragments(suchasthosewith Loop

bearingactivations)which returnno activationacknowledgement.Useof theactivationre-

questin permanentcircuitsissimilar. Theuseof resetsignalsin othermethodologiesin which

componentshavenoexplicit activations.LoopimplementstheBalsaloop command.

Sequence and Concur

SequenceandConcurform a largepartof handshakecircuit controltrees.They areusedto

activatea numberof commands(eitherin sequenceor in parallel)underthecontrolof the

activatehandshake. In simpleimplementations,handshakesonSequence‘activateOut’ports

don’t overlapandthoseon Concur‘activateOut’portsareindependent(i.e.don’t have syn-

chronisationof return-to-zerophasesfor 4-phaseimplementations).This handshake inde-
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; / || activateOut[]activate

#outputCount

* 0
Sequence / Concur  [SEQ / PAR]
( parameter outputCount: cardinal;

passivesyncactivate;

array outputCountof activesyncactivateOut)

Sequence:#[ activate: [ activateOut0 ; … ; activateOutoutputCount− 1 ] ]
Concur:#[ activate: [ activateOut0 || … || activateOutoutputCount− 1 ] ]

out[]inp

#outputCount Fork  [FORK]
( parameter outputCount: cardinal;

passivesyncactivate;

array outputCountof activesyncout )

#[ activate: [ out0 , … , outoutputCount− 1 ] ]

Figure 3.3. Sequence, Concur and Fork handshake components

pendencemaybe unnecessarywherecommandsconnectedto a component’s ‘activateOut’

portscansafelyoverlap/besynchronisedwithoutdeadlockin Sequence/Concurrespectively.

Performanceincreasescanbe gainedin circuitsusingSequencecomponentsif the useof

sequencingis analysedand partially overlappinghandshakes are allowed. A numberof

improvedsequencersanda methodof analysingmacromodularcircuitshave beendevised

by Plana[61]. Theuseof morevariantsof Concurcomponentcanproduceimprovementsin

circuit area(Concurswith independentoutputsarequiteexpensive,thealternativesmaybe

slower in somecasesbut aregenerallysmaller). A commonoptimisationis to usea Fork

insteadof aConcurwhereall thecommandsof thatConcurarepermanent.

Fork

The Fork is usedasboth a replacementfor Concurasdescribedabove andalsoasa con-

nectioncomponentfor multicastsyncchannels.Forkscanbeimplementedjustwith anout-

putCount-waywire fork andanoutputCount-input C-elementwhereasConcurscostanex-

tra S-elementfor eachactivateOutport. In 2-phaseimplementations,Fork andConcurare

identical.
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3.5.2. Contr ol to datapath interface components

A smallnumberof componentsallow controlsyncchannelsto interactwith datatransactions.

Thetransferrer is themostcommonof thesecomponents,it controlsthetransferof datafrom

an active input port to an active outputport underthecontrol (andenclosure)of a passive

activation port. Componentswith activationsimplementinglooping andconditioncontrol

operationsaswell astheCasecomponent(whichtranslatesdatavaluesonapassiveinputac-

tivationport into activity ononeof anumberof activesyncports)alsofall in thiscomponent

class.Thecompletesetof componentsis:While,Bar, Fetch,FalseVariable,Case.

While

activate

1

guard activateOutdo

While  [DO]
( passivesyncactivate;

active input guard: 1bits;

activesyncactivateOut)

#[ activate: [ guard ? g ; [ g → activateOut] ] ]

1
guardInput[]

#guardCount

#guardCount

1
guard

activate

[]
activateOut[]

Bar  [BAR]
( parameter guardCount: cardinal;

passiveoutput guard: 1bits;

passivesyncactivate;

array guardCountof active input guardInput: 1bits;

array guardCountof activesyncactivateOut)

#[ guard ! (c := [ guardInput0 ? … ? guardInputguardCount− 1 ?
choose(guardInput0, …, guardInputguardCount−1) ] ) != -1) ] ||

#[ activate: activateOutc ]

Figure 3.4. While and Bar handshake components

Onactivation,theWhile componentrequestsaguardvariableonthechannel‘guard’. If this

guardvalueistruethenthecommandconnectedto ‘activateOut’isactivated.Whilecontinues

to requestguardsandactivatethecommandconnectedto ‘activeOut’until theguardvalue

becomes0. Theactivationisthenacknowledged.TheWhilecomponentisusedtoimplement

theBalsawhile commandwith a singleguardandcommand.Bar canbeusedto extend

theWhile to implementwhile commandswith multiple guardsandcommands(like CSP

guardedcommands).
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Bar

Bargathersguardsfrom its ‘guardInput’portsonreceiptof aguardrequest.TheORof these

guardsis returnedon the‘guard’port. If theBar componentthenreceivesa requeston ‘ac-

tivate’,oneof thecommandswhichcorrespondsto a trueguardis activated. In commonim-

plementations,thisbehaviour requiresBar to containstate(heldbetweenguardandactivate

handshakes)identifyingthecommandto activate. In thecasethatmorethanoneguardinput

is true,anarbitrarychoiceismadeaboutwhichcommandtoexecute.In practicalimplement-

ations,thecommandshave a fixedpriority andsothechoiceof commandto executecanbe

determined.Thefunctionchoosein thegivenbehaviour (in figure3.4)performsthechoice,

returning-1to indicatethatnooutputwasto beactivated.

Fetch

→ outinp
width width

activate
Fetch  [TFR]
( parameter width : cardinal;

passivesyncactivate;

active input inp : width bits;

activeoutput out : width bits )

#[ activate: out ! inp ? inp ]

width

#readPortCount

read[]width
write

signal

FV

FalseVariab le  
( parameter width : cardinal;

parameter readPortCount: cardinal;

passiveinput write : width bits;

activesyncsignal;

array readPortCountof passiveoutput read)

#[ write ? [ v := write ; signal] ] ||
#[ read0 ! v ] || … || #[ readreadPortCount− 1 ! v ]

activateOut[]

#outputCount

inp

inputWidth

specification

@

Case  [CASE]
( parameter inputWidth : cardinal;

parameter outputCount: cardinal;

parameter specification: string;

passiveinput inp : inputWidth bits;

array outputCountof activesyncactivateOut)

#[ inp ? [ decode(outputCount, specification, inp) ≠ − 1 →
activateOutdecode(outputCount, specification, inp) ≠ − 1 ] ]

Figure 3.5. Fetch, FalseVariable and Case handshake components
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Fetchis theBalsanamefor thetransferrer. Thiscomponentis themostcommonwayof con-

trolling adatapathfrom acontroltree. Transferrersareusedto implementassignment,input

andoutputchanneloperationsin Balsaby transferringa datavaluefrom a pull datapathand

pushingit towardsapushdatapath.Thecomponentsonthe‘inp’ portareeitherdatapathcom-

ponents(formingexpressions)or connectioncomponents(forminginputcommunicationson

ports/languagelevel channels).Thecomponentsconnectedto the ‘out’ port areeithervari-

ablesor connectioncomponentsformingoutputcommunicationsonlanguagelevel channels.

For example,Balsaimplementsif commandsby transferringtheguardvalue(from a pull

datapathrepresentingtheguardexpression)ontoa Casecomponent.In 4-phaseimplement-

ation,therearemany choicesof handshake expansionfor Fetch,particularlyif a varietyof

protocolsareusedby connectedcontroltrees.Fetchimplementationstypicallyconsistsolely

of port-to-port wire connections.Theproblemsassociatedwith optimisingwire-only com-

ponentswithoutflatteninganetlistarediscussedlaterin thischapter.

FalseVariab le

TheFalseVariableisusedto implementthepassiveinputcommunicationcommandsarbit -

rate andselect in Balsa.Thearrivalof arequestonthe‘write’ port triggersahandshake

onthe‘signal’port. A commandconnectedto‘signal’isthenfreetoreadthevalueof thecom-

municationon ‘write’ by usingthe‘read’ports. In implementation,a FalseVariablecontains

nolatchesandsoreadingfromthe‘read’portsonlymakessensewhile thehandshakeistaking

placeonthe‘write’ port (andsothe‘signal’port). FalseVariablecanalsobeconsideredto be

aconnectioncomponentandisusuallyusedwith theDecisionWait componentto introducea

controlactivationto thepassive inputoperation.

Case

TheCasecomponentisusedto implementdatatocontroldecodersfor usein Balsacase and

if commands.Onreceiptof arequestanddatavalueontheport ‘inp’, Casetriggersexactly

oneor noneof theoutput‘activateOut’ports. Themappingof inp valuesto choiceof activ-

ateOutport is determinedby thespecificationparameter(thechoiceis madeby thedecode

function in thebehaviour given in figure3.5). As anexample,a specificationof “0;1..2;3”

definesa decoderwith threeoutputs,thefirst triggeredby aninput valueof 0, thesecondby
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inputsof either1or 2 andthethird by aninputvalueof 3. As adecoder, Caseis alsousedto

implementassignmentsto arrayswith indexedvariableson their left-handsides.TheBalsa

Casecomponentcanbeusedto replacea treeof thesimplerTangramCASEcomponents(as

describedin [6]) andisthefirstBalsahandshakecomponenttomakeuseof specificationstring

to allow agreaterdegreeof parameterisationthanjustarrayedport cardinalitiesandtypes.

3.5.3. Pull datapath components

Compileddataoperations( + , − ,…) in TangramandBalsaconsistof asyncchannelmeeting

a transferrercausinga resultto berequestedfrom a treeof pull datapathcomponentsimple-

mentingtherequiredfunctionandpushingthatresultontoanoutputchannelor intoavariable

(variablesarethe componentswhich implementHDL level variablesaslatches).The pull

datapathcomponentsform anactivationdriventreein thesameway ascontrolcomponents

butwith variablesor inputchannelsattheleaves.Theactivationsof thesecomponentsarepull

portswith theincomingrequestflowing (andforking) towardstheleavesof thetreewith the

resultflowing (andjoining)backto theroot formingtheresultacknowledgement.Improved

datapathcompilationis amajoritemin the‘future work’ section(§8.1) andconsequentlythis

classof componentshasremainedlargelyunchangedfrom Tangramandthroughtherestof

this thesis.Thedatapathcomponentsare:Adapt,Mask,Constant,UnaryFunc,BinaryFunc,

CombineandCaseFetch.

Adapt and Mask

AdaptandMaskhaveverysimilarfunctions.They areusedtomodify thevaluecomingin on

the‘inp’ portandpresentit on the‘out’ port in a slightly modifiedform (thefunctionsadapt

andmaskstandin for theseoperationsin thebehavioursgivenin figure3.6). In thecaseof Ad-

apt,thisinvolvestruncatingtheupperbitsof or zero-padding/sign-extendingtheinputvalue.

Adaptisusedto implementtypecoercionsonnumericvalues.Maskisusedtoselectarbitrary

bits from an incomingvalue,thebit positionsbeingdeterminedby thebit selectparameter

mask.AdaptandMaskimplementjustenoughmappingfunctionalityto implementTangram

andBalsadatamanipulations.It is easyto seethatmany of thecomponents’parameterised

formsconsistsimply of wiresandtied-off/danglingsignals.Removing thesetypesof glue

componentsis amajoroptimisationaim.
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outinp
inputWidth outputWidth
inputIsSigned outputIsSigned

A

Adapt  [ADAPT]
( parameter outputWidth, inputWidth : cardinal;

parameter outputIsSigned,inputIsSigned: boolean;

passiveoutput out : outputWidth bits;

active input inp : inputWidth bits )

#[ out ! inp ? adapt(outputWidth, inputWidth, outputIsSigned, inputIsSigned, inp) ]

inp out
inputWidth outputWidth

mask

F

Mask  [FILTER]
( parameter outputWidth, inputWidth : cardinal;

parameter mask: inputWidth bits;

passiveoutput out : outputWidth bits;

active input inp : inputWidth bits )

#[ out ! inp ? mask(outputWidth, mask, inp) ]

Figure 3.6. Adapt and Mask handshake components

Constant

Constantsprovide constantdata valuesto pull channelsat the leaves of datapathtrees.

Constantsprovidethesamekindsof obviousoptimisationopportunitiesasAdaptandMask.

UnaryFunc

UnaryFuncimplementsthe negate (2’s complement)and complementoperationsin pull

datapaths.SeparateinputWidth andoutputWidth parametersallow resultsto have different

typeto theargumentsandallow a limited form of optimisationof Adapt/Maskcomponents

onUnaryFuncinputsandoutputs.

Binar yFunc

BinaryFuncimplementsthebinarydatapathoperations( + , − , = , ≠ , < , > , ≤ , ≥ , ∨ , ∧ )

ontwo inputs.A totalof sevenparametersareprovidedtoconfigurethetypesandsignedness

of theinputsandoutputsallowing similarAdapt/Maskoptimisationsaswith UnaryFunc.

Combine

Combinecomponentsareusedto bit-wiseconcatentatethevaluescomingin from the two
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value
width

out

Constant  [CST]
( parameter width : cardinal;

parameter value: width bits;

passiveoutput out : width bits )

#[ out ! value]

op outinp
inputWidth outputWidth
inputIsSigned

UnaryFunc  [UN]
( parameter outputWidth, inputWidth : cardinal;

parameter op: UnaryOperator;

parameter inputIsSigned: boolean;

passiveoutput out : outputWidth bits;

active input inp : inputWidth bits )

#[ out ! inp ? op(outputWidth, inputIsSigned, op, inp) ]

op out
outputWidth

inputAWidth
inputAIsSigned

inputBWidth
inputBIsSigned

inpB

inpA
outputIsSigned

Binar yFunc  [BIN]
( parameter outputWidth : cardinal;

parameter inputAWidth, inputBWidth : cardinal;

parameter op: BinaryOperator;

parameter outputIsSigned: boolean;

parameter inputAIsSigned,inputBIsSigned: boolean;

passiveoutput out : outputWidth bits;

active input inpA : inputAWidth bits;

active input inpB: inputBWidth bits )

#[ out ! inpA ? inpB ? op(outputWidth, outputIsSigned, inputAIsSigned,
inputBIsSigned, op, inpA, inpB) ]

Figure 3.7. Constant, UnaryFunc and BinaryFunc handshake components

input ports‘LSInp’ and‘MSInp’. Combinesimplementthetuplingexpressionsof Tangram

and the record and array constructionexpressionsof Balsa. The Balsa compiler also

insertsCombinesto reconstructvariablereadportsfor variableswhich becomesplit during

compilation.Writesto Variablecomponentscannotselectonly aportionof bitsto write and

sosingleHDL level variablesbecomemultipleVariablecomponentswith Split components

in thewritepathsandCombinesin thereadpaths.Combinesare,likeothergluecomponents,

simplywireswith a requestwire fork andacknowledgesynchronisation.

CaseFetc h
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out
outputWidth

LSInputWidth

MSInputWidth
MSInp

LSInp

Combine  [COMBINE]
( parameter outputWidth : cardinal;

parameter LSInputWidth,MSInputWidth : cardinal;

passiveoutput out : outputWidth bits;

active input LSInp: LSInputWidth bits;

active input MSInp: MSInputWidth bits )

#[ out ! LSInp ? MSInp ? combine(LSInp, MSInp) ]

width

inp[]
width

index

out

indexWidth

#inputCount

@−>

CaseFetc h  
( parameter width, indexWidth : cardinal;

parameter inputCount: cardinal;

parameter specification: string;

passiveoutput out : width bits;

active input index : indexWidth bits;

array inputCountof active input inp : width bits )

#[ out ! index ? inpindex ? inpindex ]

Figure 3.8. Combine and CaseFetch handshake components

CaseFetchis usedto implementindexedarrayreads.Onreceiptof an‘out’ request,anindex

valueis pulledon the ‘index’ port. That valueis usedto selectoneof the ‘inp’ portsfrom

which to providethevaluebackalongtheport ‘out’.

3.5.4. Connection components

Thisclassincludescomponentsusedto connecttogetherchannelsof thesamesense,provide

synchronisationbetweenmultiplechannelsandcombinetheactivity of anumberof channels

to allow multiplexingandresourcesharing.Thisclassalsoincludesvariablesasthey occupy

thesamepositionsin a handshake circuit asothertypesof channelconnectioncomponent.

Otherthanvariables,theconnectioncomponentsin ahandshakecircuit aretheonly compon-

entswhosepresenceisn’t explicitly describedin theHDL sourcefor thathandshake circuit.

Thisis becausethey areusuallypresentasglueto implementHDL level channelsandin par-

ticular, themulticastnatureof TangramandBalsachannels.Thegreaterpartof connection

componentsimplementationsconsistof just port-to-port wire connections.For this reason,

optimisingandcombiningconnectioncomponentsgivesusbettercontrolof thelocationof

troublesomewire forkswhichcancausewire loadanddrivestrengthmanagementproblems
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in implementation.

The collection of synchronisingand resourcesharingconnectioncomponentsis mostly

borrowed from the Tangramcomponentset with the addition of parameterisedarrayed

ports.Theconnectioncomponentsare: ContinuePush,HaltPush,Call,CallMux,CallDemux,

Passivator, PassivatorPush,ForkPush,Synch,SynchPull,SynchPush,DecisionWait, Split,

Arbiter andVariable.

Contin uePush and HaltPush

run /
stop inp

width

Contin uePush / HaltPush  [RUN[PUSH] / STOP[PUSH]]
( parameter width cardinal;

passiveinput inp : width bits )

ContinuePush:#[ inp ]
HaltPush:stop

Figure 3.9. ContinuePush and HaltPush handshake components

ContinuePushandHaltPushhaveidenticalbehavioursto ContinueandHalt exceptthey con-

sumeincomingdatavalues.They areusedmostlyto cappushdatapathsbeforeoptimisation

andhave justasboringimplementationsastheircontrolcounterparts.

Call{,Mux,Dem ux}

TheCall componentsareall usedto providearesourceconnectedto thecommon,activeport

to circuitsconnectionto thepassive ports. Thesignallingrequiredto achieve this resource

sharingis providedby a micropipelinestyle ‘call’ element.Call componentsexpectoneof

thepassiveportsto berequestingtheresourceata timeandprovidenohardwarein their im-

plementationsto enforcethiscondition. TheCallMux andCallDemuxcomponentsprovide

datapathsteeringaswell ascontrolsignalling. CallMux operatesasa multiplexing element,

usefulin pushpipelinesfor combiningsequencedoutputcommunications/variableassign-

mentsinto singleoutputbundles/writeport bundles. CallDemuxservesa similar demulti-

plexing role for usewith sharedinput ports. In bundleddataimplementations,CallDemux

componentscanberealisedwith thecontrolsignallingof aCall componentandanumberof
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#inputCount

inp[] out|

Call  [MIX[~]]
( parameter inputCount: cardinal;

array inputCountof passivesyncinp;

activesyncout )

#[ [ inp0 : out | … | inpinputCount− 1 : out ] ]

inp[] |
width

out
width

#inputCount CallMux  [MIX[PUSH]]
( parameter width : cardinal;

parameter inputCount: cardinal;

array inputCountof passiveinput inp : width bits;

activeoutput out : width bits )

#[ [ out ! inp0 | … | out ! inpinputCount− 1 ] ]

out[] |

#outputCount

width

width
inp

CallDem ux  [MIX[PULL]]
( parameter width : cardinal;

parameter outputCount: cardinal;

array outputCountof passiveoutput out : width bits;

active input inp : width bits )

#[ [ out0 ! inp ? inp | out1 ! inp ? inp | outoutputCount− 1 ! inp ? inp ] ]

Figure 3.10. Call, CallMux, CallDemux handshake components

wire forksfor thedatapath.

Passiv ator{,Push}

Passivatorsallow thesynchronisationof handshakeson channelsconnectedto active ports.

ThesyncPassivatorisusuallyusedto implementmulticastsyncchannelswhereall thechan-

nelsarelocal (i.e.no active ‘expansion’port is requiredto passthehandshake on to another

synchronisingcomponent).PassivatorPushswith outputCountof 1implementconnectionsof

activeoutputto activeinputportsin command/procedurecomposition.PassivatorPushswith

greateroutputCountsareusedin thesamecontext to connectedmulticastchannelswith data,

againwithoutexpansionports.

ForkPush

ForkPushis similar to theFork component.A valuepushedin onport ‘inp’ is sentoutalong
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#count

inp[]

Passiv ator  [PAS[~]]
( parameter count: cardinal;

array countof passivesyncinp )

#[ inp0 : inp1 : … : inpcount− 1 ]

width

#outputCount

out[]
width

inp

Passiv atorPush  [PAS[PUSH]]
( parameter width,outputCount: cardinal;

array outputCountof passiveoutput out : width bits ;

passiveinput inp : width bits )

#[ out0 ! out1 ! … ! outoutputCount− 1 ! inp ? inp ]

width

out[]

#outputCount

inp
width

ForkPush  [FORK[PUSH]]
( parameter width,outputCount: cardinal;

passiveinput inp : width bits;

array outputCountof activeoutput out : width bits )

#[ inp ? [ out0 ! inp , … , outoutputCount− 1 ! inp ] ]

Figure 3.11. Passivator, PassivatorPush, ForkPush handshake components

eachof the‘out’ ports;returningacknowledgementsaresynchronised.ForkPushisasurpris-

ingly rarelyusecomponent,it canbeusedon its own to implementmulticastsfrom anactive

outputporttoanumberof passiveinputports.Whereany activeinputsarepresent,ForkPush

canbecombinedwith SynchPushto form acompletemulticastcommunicationtree.

Sync h{,Pull,Push}

TheSynchcomponentsimplementsynchronisationof a numberof inputs,performa hand-

shakeonanactiveoutputandthenacknowledgeeachof thoseinputs. Theactiveoutputport

canbeusedasan ‘expansion’port to passthesynchronisationon to anothercomponentor

to a portof thecircuit asa whole. TheSynchPullcomponentdrawsdatafrom its activeport

which is distributedto its inputsduringacknowledgement.This canbeusedto implement

multicastinputsfrom circuit ports. TheSynchPushis verysimilar to a ForkPushbut hasthe

active expansionport aout. SynchPushcouldhave parameterisablenumberof theseexpan-
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#inputCount

inp[] out

Sync h  [JOIN[~]]
( parameter inputCount: cardinal;

array inputCountof passivesyncinp;

activesyncout )

#[ inp0 : inp1 : … : out ]

#outputCount

width

width
pout[] inp

Sync hPull  [JOIN[PULL]]
( parameter width,outputCount: cardinal;

array outputCountof passiveoutput pout: width bits;

active input inp : width bits )

#[ pout0 ! pout1 ! … ! poutoutputCount− 1 ! inp ? inp ]

pout[]

width
width

width

#outputCount

inp

aout

Sync hPush  [JOIN[PUSH]]
( parameter width,outputCount: cardinal;

passiveinput inp : width bits;

array outputCountof passiveoutput pout: width bits;

activeoutput aout: width bits )

#[ pout0 ! pout1 ! … ! poutoutputCount− 1 ! inp ? aout ! inp ]

Figure 3.12. Synch, SynchPull and SynchPush handshake components

sionportsto producea generalmulticastsynchronisationcomponentwith a singlepassive

inputandaselectionof passiveandactiveoutputports. Thiswasnotdoneinitially asSynch-

Pushis moreoftenusedto connectto circuit portsratherthanto connectpassive inputsto a

multicastchannel.

DecisionW ait

The DecisionWait componentis usedto synchroniseoneof the input requestsof a Balsa

select command’s channelswith theactivationchannel.The ‘inp’ and‘out’ portsmatch

one-to-one;anincomingrequestononeof the‘inp’ portsis fedthroughto thecorresponding

out port on receiptof theactivationrequest.Theacknowledgementto that ‘out’ port is sent

backto theactivationportaswell asits ‘inp’ ports.

TheDecisionWait getsits namefrom theuseof a decision-wait elementin its implementa-

tion. Decision-wait encapsulatestheisochronicfork ontheactivationrequestrequiredto im-
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out[]inp[] DW

activate

#portCount #portCount

DecisionW ait  
(parameter portCount: cardinal;

passivesyncactivate;

array portCountof passivesyncinp;

array portCountof activesyncout )

#[ activate: [ inp0 : out0 | … | inpportCount− 1 : outportCount− 1 ] ]

inp
inputWidth

LSOutputWidth

MSOutputWidth
MSOut

LSOut

Split  [SPLIT]
( parameter inputWidth : cardinal;

parameter LSOutputWidth,MSOutputWidth : cardinal;

passiveinput inp : inputWidth bits;

activeoutput LSOut: LSOutputWidth bits;

activeoutput MSOut: MSOutputWidth bits )

#[ inp ? [ LSOut ! bitfield(0, LSOutputWidth − 1, inp) ||
MSOut ! bitfield(LSOutputWidth, inputWidth − 1, inp) ] ]

width

read[]width

#readPortCount

namewrite

Variab le  [VAR]
( parameter width,readPortCount: cardinal;

parameter name: string;

passiveinput write : width bits;

array readPortCountof output read: width bits )

#[ write ? v := write ] ||
#[ read0 ! v ] || … || #[ readreadPortCount− 1 ! v ]

Figure 3.13. DecisionWait, Split and Variable handshake components

plementsuchaninputselectionoperation.Thisencapsulationallowscircuitsto bebuilt with

passive input selectionwithout requiringchannelsto actas‘probes’by distributingthisfork.

UsingaDecisionWait to implementinput ‘filtering’ issimilarto theone-hotencodedchannel

inputof Burns[14].

Split

Split is usemostlyto split channelsapproachinga variablewrite port. Bitfield extractionon

variablereadportsisperformedby theMaskandAdaptcomponentsandsonopull variantof

theSplit componentis necessary.

Variab le

VariablesimplementHDL level variables. Although the above descriptionsuggeststhat
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parallelreadsandwritesarepossible,this is not thecase.Thecompilationmechanismfor

HDLs must ensurethat activity on the write port and readports are mutually exclusive.

Concurrentreadsareallowedandarenotsynchronisedwith eachother.

Arbiter

inpB outB

outAinpA

Arbiter  
(syncinpA, inpB,outA,outB)

#[ [ inpA : inpB | inpB : outB] ]

Figure 3.14. Arbiter handshake component

TheArbiter implementsa decisionbetween2 incomingsyncchannels.A requestarriving

on oneof theinputswill bepassedontothecorrespondingoutput(anda handshake will be

performed)if only oneinput is active. If both inputsaresimultaneouslyactive,a decision

betweeninputsis madeandonly asingleoutputis activated.

Arbiter is necessaryin placeswheredecisionsbetweenapairof synchandshakeswhichmay

overlapisnecessary. TheArbiter containsamutual-exclusioncircuit elementwhichcontains

a filter circuit allowing thisdecisionto bemadewithout causinganmetastablesignallevels

to beexposedto thatelement’senvironment.

3.6. Compiling into handshake cir cuits

Handshakecircuitsareusuallygeneratedby synthesisfrom adescriptionmadein ahardware

descriptionlanguageratherthanconstructedby hand.Tangramwastheoriginal languageof

handshake circuitsandBalsais, superficially, a replacementfor Tangramin this role. Tan-

gramandBalsaarebothimperative,channelorientatedlanguagesnot unlikeOCCAM. The

staticprocessdeclarationandchannelcommunicationmodelmapwell ontohardwareinstan-

tiationandasynchronouscontrol. Thehandshakecomponentsetchosento implementthese

languagesarealsotailoredto allow languageconstructsto bemapped(by synthesis)one-to-

oneontoparticularhandshakecomponents.Thebasisfor thismappingis theTangramcom-

pilationfunction(describedin moredetailin chapter7 of vanBerkel’sthesis[9]). Thedirect
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natureof thiscommandto componentmappingis claimedasanadvantageby Tangramover

lessdirectsystems(suchassynchronousVHDL synthesis),allowingthedesignerto influence

the implementationdirectly throughthe sourcedescription.Maintainingdirectnessunder

optimisationregimesis amajoraimof thesynthesismethodwork embodiedin chapter5.

As well asdefiningthe languageto handshake circuit mappingsfor individual (leaf) com-

mands,thecompilationfunctionalsodescribesthewaysto combinecontrolactivationsand

connectdata-bearingchannelsto form sequentialandparallelcompositionsof commands.

The control componentsdescribedin §3.5.1areusedto describethe activation control of

composedcommands,thedatapathcomponentsareusedto implementexpressionsandthe

connectioncomponentsareusedto combinechannelsleft danglingby communications,ex-

pressionargumentsandassignmentdestinations.Variablesareplacedto terminatedangling

read/writechannelscorrespondingto thelanguagelevel variableswhencommandcombina-

tion passesbackuptheparsetreethroughtheirdeclarations.

3.7. Chapter summar y

Thischapterhasintroducedsomeof thefeaturesof previouswork onBalsaandBalsa’shand-

shakecomponentset. Thenext chapterdescribeshow thecomponentsof thissetaremapped

into implementationsby theback-endof theBalsadesignflow. Chapter5 will thendescribe

anumberof new componentsintendedto improveon thecomponentsetdescribedhere.

Thekey featureof handshakecircuitsoverothermacromodulardesignstylesis theconsistent

useof channelsto connectall the componentsin a design. It is assumedin the following

chaptersthat this is a desirablepropertyandthat theadvantagesof directnessandfine grain

DI implementation(or, moreusually, DI controlsignallingwith bundleddata)areattractive

enoughfor thischannel-richarrangementto bepreserved.
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Chapter 4. The Balsa Back-end

This chapterdescribesthenew toolsaddedto theBalsasystemto allow handshake circuits

generatedby thebalsa-cBalsacompilerto beimplementedandsimulated.Theback-endof

theBalsasystemis thepathfrom a Breezenetlist to a silicon or FPGAimplementationof

thatnetlist. ThispathinvolvestheBalsatoolbalsa-netlist,atarget(commercial)CAD system

anda numberof CAD systemspecifictechnologydescriptionsandscriptsprovidedby the

Balsasystem.

Thesimulationsystemdescribedin this chapterusesthetool breeze2hcsto convert Breeze

netlistsintomodelsin theasynchronousmodellinglanguageLARD [22]. LARD modelsallow

behaviouralsimulationof Balsadesignsbeforetechnologymappingby theBalsaback-end.

Theversionof breeze2larddescribedhereis a muchimprovedandexpandedversionof the

tool describedin earlierwork [6].

4.1. The Balsa design flo w

Designflowsbasedonhandshakecircuitsusethedirectnessof handshakecircuitbasedHDLs

to handshakecircuit compilationto allow thedesign– synthesise– evaluatecycleof design

revisionbyuserintervention(asdescribedin §2.1) tobeasfastaspossible.Usingbehavioural

simulationtoperformtheevaluationphaseof thisdesignloopallowsveryfastdesignrevision

albeit at the costof realistictiming and(possibly)a compromisein the faithfulnessof the

modellingof individualhandshakecomponents.

In orderto allow practicaldesignrevision whensimulationat gateor layout levelsis used,

theexecutiontimesof partsof thedesignflow following Balsacompilationinto handshake

circuits must be suitably fast. This implies that thoseback-endtools be constructedwith

a similar regard to directnessof implementationastheBalsacompiler. Figure4.1shows a

designflow for BalsausingbothLARD behaviouralsimulation(whichisdiscussedin §4.5.1)

andCAD systemnativesimulationmethods.Threedesignloopsareshown in thedesignflow.

ThesedesignloopsuseLARD (behavioural),gatelevel (functional)andfinal layout(timing
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Figure 4.1. Balsa design flow

accurate)simulationtoolsrespectively to allow simulationtobeperformedatdifferentpoints

in thedesignflow. In a typical design,all threelevelsof simulationcomplexity areusedas

thedesignapproachesits final version.

A numberof toolsareinvolvedin thisback-end:

Balsa-c:Balsato Breezecompiler

The Balsa compiler produceshandshake circuits from Balsa descriptions. These

handshakecircuitsareexpressedin thefile formatBreeze(whichisdescribedin thenext

section).Balsacompilationisperformedusingthedirectcompilationmethoddescribed

in §3.6.

Breeze2lard:LARD behavioural modelgeneration
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Breeze2lardgeneratesmodelswritten in LARD which can be compiledand run to

performbehavioural level simulationsof theinput Breezefile (andsothesourceBalsa

description).Breeze2lardcanalsogeneratesimpletestharnessesfor simulateddesigns.

Thetestharnessescanbeaugmentedby theuserusingtheLARD language.

Balsa-netlist:Handshakecomponentnetlist generator

In order to implementthe netlist describedby a Breezefile (Breezeis describedin

§4.1.1), versionsof thehandshake componentsusedwithin thatfile mustbegenerated

andimportedinto theCAD systemusedto implementthedesign.Balsa-netlistperforms

this parameterisedcomponentexpansionandgeneratesnetlistsfor thesecomponents.

It alsogeneratesthe netlist which connectsthesecomponents.This ‘top level’ netlist

will be equivalent to the netlist describedby the Breezefile but with the handshake

channelsbetweencomponentsdecomposedinto signallevel connections.Balsa-netlist

is describedin §4.2.

Balsa-{pv, ihdl, xi}: CAD systemnetlist entry

The netlistsgeneratedby balsa-netlistareimportedinto the target CAD systemsby a

numberof scripts,oneper CAD system,which drive the netlist import toolsof those

systems.Thisprocessis notvery interestingandsonofurtherexplanationis included.

TargetCAD system

Balsadesignsare,ultimately, implementedusingexisting CAD tools. The choiceof

targetCAD systemaffectsthenetlistgenerationof balsa-netlistandthetemplateused

by balsa-netlistto generatehandshakecomponentnetlists.TheCAD systemsusedwith

Balsaaredescribedin §4.2.5.

All theBalsatoolsdescribedin thischapterbegin with a handshakecircuit netlistin Breeze.

A shortdescriptionof theBreezefile formatis givenbelow.

4.1.1. The Breeze handshake cir cuit netlist format

Thefile formatBreezeis usedasbotha compiledlibrary format for balsa-candasaninput

formatfor the(designimplementing)back-endandtheotherhandshakecircuit manipulating

tools describedin this chapter. A Breezefile containshandshake circuit netlists with

parameterisedhandshakecomponentsasthecomponentinstancesandhandshakechannelsas

theinterconnectionsbetweenthesecomponents.EachcompiledBalsaprocedureis present
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in theoutputBreezefile asaseparatehandshakecircuit netlistdescribedasaBreezepart. As

anexample,theBreezefile for thedecadecounterexamplegivenin figure3.1is (with some

of thelessinterestingportionsremoved):

-- Breeze intermediate file (balsa format)
-- Created: Sun Sep 3 18:06:18 2000
-- By: bardslea@Bliss.cs.man.ac.uk (Linux)
-- With balsa-c version: 3.1
-- Command: balsa-c mod10

import [balsa.types.synthesis]
import [balsa.types.basic]

type C_size is 4 bits
constant max_count = (9 as 4 bits)

part mod10 (
passive sync activate;
passive sync aclk;
active output count : 4 bits ) is

attributes (
isProcedure,isPermanent,
noOfChannels=24,line=9,column=1 )

local
sync "@14:3" #1
sync "aclk" #2
push channel "count" #3 : 4 bits
pull channel "tmp" #4 : 4 bits
. . . -- omitting some channel declarations

begin
$BrzVariable ( 4,3,count_reg[0..3] :

#5,{#13,#18,#7} )
$BrzVariable ( 4,1,tmp[0..3] : #24,{#4} )
$BrzCallMux ( 4,2 : {#10,#15},#24 )
$BrzLoop ( #1,#23 )
$BrzDecisionWait ( 1 : #23,{#2},{#22} )
$BrzSequence ( 3 : #22,{#20,#8,#6} )
$BrzCase ( 1,2,0;1 : #21,{#11,#16} )
$BrzFetch ( 1 : #20,#19,#21 )
$BrzBinaryFunc ( 1,4,4,NotEquals,false,false,false :

#19,#18,#17 )
$BrzConstant ( 4,9 : #17 )
$BrzFetch ( 4 : #16,#14,#15 )
$BrzBinaryFunc ( 4,4,1,Add,false,false,false :

#14,#13,#12 )
$BrzConstant ( 1,1 : #12 )
$BrzFetch ( 4 : #11,#9,#10 )
$BrzConstant ( 4,0 : #9 )
$BrzFetch ( 4 : #8,#7,#3 )
$BrzFetch ( 4 : #6,#4,#5 )
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end

A Breezefile containsthe import , type and constant declarationspresentin the

sourceBalsafile from which it wascompiled.WhereparameterisedBalsaprocedureswere

describedin thesourceBalsafile, theBalsacodenecessarytogenerateparameterisedversions

of thoseproceduresis alsoincludedin theBreezefile (parameterisedproceduresarea new

additionto theBalsalanguage,describedin §4.5.2). Thesedeclarationsandpiecesof code

areusedwhenthefile is re-importedinto balsa-cby an import line in anotherBalsafile.

Theonly Breezepartdescribedin thisexampleis mod10, themodulo-10counterexample’s

procedure.The port list of mod10 containsthreeport declarationswith senses,directions

andBalsatypesfor eachone. A Breezeparthasthesameport structureasits sourceBalsa

procedurewith theadditionof anexplicit activationport.

A part’s attributes sectiongives somedetailsof the part which make subsequent

parsingeasier. Theattribute isProcedure identifiesthis asa compiledBalsaprocedure,

so guaranteeingthat the first port of the part is a conventionalprocedureactivation. The

attribute isPermanent specifiesthatmod10 onceactivated,will not returnanactivation

acknowledgement(thisinformationcanbeusedto optimisethepathfrom theactivationof a

circuit which includesmod10 to theactivationof mod10). ThenoOfChannels attribute

is usedby balsa-cto allocatespaceaheadof readinga (potentiallylong)channellist in order

to improve performance.Thefinal two attributes,line andcolumn , identify theposition

in thesourceBalsafile atwhichthispart’scorrespondingBalsaprocedurewasdefined.This

locationis usedby breeze2lardto helpwith sourcelevel debugging.

Themainbodyof thepartconsistof two portions:thechanneldeclarationsandtheinstanti-

atedhandshakecomponents.

Part channels

Thepartchanneldeclarationsspecifythedirection,push/pullsenseandtypeof eachof the

portsandinternalchannels.Thechannelsin a Breezefile arenumberedsequentiallyrather

thannamed.Thefirst few of thesechannelscorrespondto theportsof thepart. In thiscase,

channels#1 ,#2 and#3 correspondto theportsactivate ,aclk andcount respectively.

Numberingthechannelsandportsthiswaymakesprocessingof thecomponentseasierand
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makesdeterminingwhethera channelis connectedto a porteasier(anumbercomparisonas

opposedto anamesearch).

It isnotobviousfrom thisexample,but thetypesof databearingchannelsarespecifiedusing

only the form n bits (wheren ≥ 1). This simpletyping,alongwith theoverlappingof

channelsandports,makesit possibleto processBreezefiles without knowledgeof Balsa

typing. All theinternalchannelsof apartaretypedin asimilarway.

Thenameswhich appearin quotesin thechanneldeclarationsarethenameswhich should

appearin behaviouralsimulationof thispart. Thesenamesspecifywhichportor variablethis

channelflowsto or from,or in thecaseof syncactivationchannels,thepositionin thesource

file of thecommandwhich thischannelactivates.

Part components

Thecomponentinstantiationsinsideapartcancontainparameterisedhandshakecomponents

from thehandshakecomponentset(identifiableby their$Brz prefix)andalsoinstantiations

of previouslydeclaredBreezeparts.Handshakecomponentinstanceshave their parameters

specifiedat thebeginningof theirargumentlist. Theparametersfor handshakecomponents

arerestrictedin typetointegers,stringsandenumerationvalues(thebooleanvaluestrue and

false areenumerationvalues).Theparametersarespecifiedin theorderin whichthey are

presentin thecomponentdefinitionsgivenin §3.5.

Thenumbersfollowingtheparameters(aftertheseparating‘: ’) specifythechannelstowhich

this componentconnects(again in the sameorder asthe component’s definition). Where

arraysof portsarepresenton a component,channelnumberlists areenclosedin bracesto

delimit individual arrayedports. The cardinalityof arrayedports is, in all of the defined

handshakecomponents,statedexplicitly in oneor otherparameterof thatcomponentandsoa

toolprocessingaBreezefile canignorethebracesif it sowishesandusetheparametersalone

to determinetheportsto which thatcomponentschannelconnectionsshouldbemade.

Breezepart instanceshave the sameform ashandshake componentinstancesexcept that

nonameprefix is presentandnoparametersareallowed. A commandline optionto balsa-c

canbeusedto flatteninstancesof Breezepartsusedwithin otherpartsinto their constituent
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handshakecomponents.

4.2. Handshake component generation –
balsa-netlist

Gatelevel implementationsof a Balsahandshake componentcanbegeneratedby applying

theparametersfrom a Breezeinstantiationof thatcomponentto thetemplatefor thatcom-

ponentheldbytheBalsaback-end.Thegatesgeneratedbythesetemplatesarenottargettech-

nologycellsbut aregenericlogic gateswith unlimitednumbersof inputs. All thehandshake

componentsavailableto Balsaaredescribedby a commonsetof templates(the ‘common’

technology)with special,targettechnologyspecific,versionsonly usedin specialcases.The

templatesarewritten in a handshake componentdescriptionlanguagewhich is processed

to producethosegenericgates. Target technologyimplementationsarethengeneratedby

technology-mappingthosegenericgates.Thesetechnologyspecificnetlistscanthenbewrit-

tento disc(in CAD systemnative netlist formats)andimportedinto theCAD databasesof

theback-endCAD tools.

Figure4.2showstheprogressof a designthroughthistechnologymappingback-enddesign

flow. The ‘gen’ stageof componentgenerationperformsthe templateapplication into

genericgates.Thegenericgatesarethenmappedontogateswith realisticnumbersof inputs

(to matchthenumbersof inputsavailableon gatesof the target technology)by the ‘map1’

process.The‘map2’processthenreplacesthesesmallergateswith cellsfrom thetargetcell

librarysoproducingthefinal implementation.Thegeneratednetlistis thenoutputin aformat

appropriateto thetargetCAD systemby the‘net’ process.

Balsa-netlistis written in Scheme[43], a dialectof Lisp, andexecutedusingtheGNU Guile

Schemeinterpreter[48]. This choiceof implementationlanguagesallows new additionsto

thetool to berapidlydevelopedandfor theCAD interfacescriptingandheavy datastructure

processingof balsa-netlistto shareacommoncodebase.

4.2.1. Handshake component templates – gen

The templatesdescribingparameterisedhandshake componentgenerationcontaindescrip-
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‘gen’
HC generator

Gate decomposition
‘map1’

‘map2’
Tech. mapping

‘net’
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HC templates
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Pin mappings
Cell names

Target tech. cells netlist

Generic gates netlist

‘Small’ gates netlist

Back−end CAD

Breeze description
(HC netlist)

CAD native netlist file

Circuit implementation

‘balsa−netlist’Tech. description

Figure 4.2. Balsa back-end design flow

tionsof thosecomponentsascombinationsof thegenericgatesasdescribedabove. As an

example,considerthe expansionof a 4-way Fork component(Fork is describedin §3.5.1)

whichappearsin aBreezefile as:

Fork (4 : #1, {#2, #3, #4, #5})

Fork hasa templatein the‘common’technologywhichdescribesanimplementationof Fork

in which anincomingrequest,on port inp , is forkedto form outgoingrequestson eachof

therequestsof thechannelsof portout . A treeof C-elementsgathersacknowledgmentsfrom

theout portsandreturnsanacknowledgementto inp . Thetemplatefor this implementa-

tion is:

(primitive-part "Fork"
(parameters

("outputCount" (named-type "cardinal"))
)
(ports
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(sync-port "inp" passive)
(arrayed-sync-port "out" active 0

(param "outputCount"))
)
(symbol

(centre-string ".")
)
(implementation

(technology "four_b_rb"
(nodes)
(gates

(c-element (ack "inp") (ack (each "out")))
)
(connections

(connect (req "inp") (req (each "out")))
)

)
)

)

This templatecontainsnot only an implementationfor Fork (in protocol combination

four_b_rb – 4-phasebroadpush/reducedbroadpull,see§4.3),butalsotheorder, typesand

cardinalitiesof thatcomponent’sparametersandports. Noticethat theout port is arrayed

overoutputCount portelementsmatchingthefour channels(#2 , #3 , #4 . #5) usedin the

exampleinstance.Thesymbolsectionof the templategivesa descriptionof a stringto be

usedbythebreeze2pshandshakecircuit ‘prettyprinter’(describedin [6]). Theimplementation

of Fork is split into threeparts:the internalnodesto thecomponent(nodes ), thegatesin-

ternalto thecomponent(gates ) andtheconnectionsbetweenportsof thecomponent(con -

nections ). Separatingthe internalgates(which may include internalconnections/wire

renamings)from theexternalportcross-connectionsallowshandshakecircuitsto bepartially

flattenedto remove port-to-port connectionswhich aredifficult to representin many netlist

formatsandmakesignalloadmanagementdifficult.

Whenconvertedto targettechnologycells,two circuitsaredescribedto implementthisform

of Fork:Brc_Fork4 andBrz_Fork4 . Brc_Fork4 containsthecell instancesdescribed

in the (gates …) sectionof thecircuit description.Thesecellsform thefunctionalbulk

of the circuit andpresentan external interfacewhich consistsof a subsetof the portsof

the Fork component.The Brz_Fork4 circuit containsthe whole circuit implementation

in the form of an instanceof Brc_Fork4 ) andtheport-to-portconnectionsimplemented

with logicalbuffer components.Thesebuffersmustberemovedduringtheback-endbefore

Chapter 4. The Balsa Back-end 86



4.2. Handshake component generation – balsa-netlist

circuit implementation.

The Brz_Fork4 component’s external interfaceis a set of ports to matchthe 5-ported

Fork giving in the Breezeexamples,i.e. a 10-portedcircuit with alternatingrequestand

acknowledgeports.

Thesinglegatein Fork’s(gates …)sectionis:

(c-element (ack "inp") (ack (each "out")))

Gatedescriptionsof thisform maybeinstantiatedasanumberof genericgates.In thiscase,

a treeof C-elementsis generatedto join the 4 acknowledgementson the out portsto the

acknowledgementon the inp port. Portsandarraysof portsareidentifiedby their names

andtheack , req anddata operatorssplit off therelevantwire portionsof theportsgiven

asargumentsto them. Theeach operatorexpandsthearrayedportspassedto it intoa list of

all theconstituentportsof thosearrayswhichcanthenbepassedto oneof thewire-selecting

operators.In thiscase,thewiresresultingfrom the(ack (each …)) termform theinput

to a multi-wayC-elementimplementedasa balancedtreeof three3-inputC-elements.The

connect commandwhich is usedin the(connections …) sectionworksin a similar

fashionto thec-element gateandexpandsinto a setof connectingbuffer genericgates

from therequestof inp to therequestsof eachof theportsof out . Wheretheargumentsto

thegategeneratingcommandsconsistof morethanonebit, anumberof similarsetsof gates

aregeneratedto implementthesamefunctiononrespectivebitsof eachargumentgiving rise

to a2 dimensionalarrayingof gategeneration.

This2 dimensionalarrayingof gates(by cardinalityof argumentsandbitwisewidth of each

argument)allowsall theconnectioncomponentstobeimplementedveryconcisely. Operators

for slicing,bit-reversing,bitfield-extractingandslice-combiningallow theinternalsof other

usefulcomponents(suchasthemany formsof BinaryFunc)to bedescribed.Operatorsalso

exist to describeconditionalexpansionof gatesin orderto make implementationdecisions

basedoncomponentparameters.Thelanguagedoesnot,however, includeexplicit operators

to iteratively generategates. The bit-rearrangingoperatorsallow all the current Balsa

handshakecomponentsto bedescribedusingonly theiterationimplicit in the2 dimensional

expansionof gates.
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4.2.2. Generic component decomposition – map1

Thesinglegenericgateproducedby theexpansionof a4-wayFork is:

(c-element "inp_0a" "out_0a" "out_1a" "out_2a" "out_3a")

This is a 4-inputC-elementwith outputconnectionto signalinp_0a . Noticethatonly one

gateis generatedasall theargumentsto thetemplategatehadacardinalityof one. Also note

thatsignalnameshavebeentechnologymappedinto compoundsof portname,port index (0

for un-arrayedports)andtheportionof thechannelwhichthissignalrepresents(r for request,

a for acknowledgementandd for datain thistechnology).

Themappingof thisgateintosmaller, implementablegatesisperformedby ‘map1’underthe

directionof maximumgatefan-ininformationprovidedby thetechnologydescriptionfiles.

Thistechnology(theexampleis usingthe‘ams035’technology)hasonly 2-inputC-elements

andso‘map1’returnsthesetof gates:

(c-element2 ("internal_0d" 0) "out_0a" "out_1a")
(c-element2 ("internal_0d" 1) "out_2a" "out_3a")
(c-element2 "inp_0a" ("internal_0d" 0)

("internal_0d" 1))

Two internalnodesareintroducedasbitsof thebussignalinternal_0d . Decomposition

of C-elementsthiswayproducesatreeof C-elementswhichisnotcapableof recoveringfrom

theremoval of aninput transitionbeforethetree’soutputhastransitionedasa consequence

of thatsignal. Thesedecompositionsareacceptablefor thisapplication.Applicationswhich

which requirea C-elementto toleratepulseson inputsmustmake useof simple2-inputC-

elements.

AND, OR,NAND, NOR and2-level (AND/OR) implementationsof decoders/encodersare

handledwith similar, treebuilding,gatedecompositionmechanisms.

4.2.3. Target technology gate mapping – map2

Thesecondstageof thetechnologymappingprocessproducestargettechnologycellsfrom

thesimplegatesproducedby ‘map1’. Connectionson thesimplegatesaremappedontothe

pin orderof thetargettechnologycellsandthenamesof thetargetcellsaresubstitutedfor the

simplegatenames.Thecellsproducedfor the4-wayFork are(in theBalsanetlistformat):
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(instance c2 ("internal_0d" 0) "out_0a" "out_1a")
(instance c2 ("internal_0d" 1) "out_2a" "out_3a")
(instance c2 "inp_0a" ("internal_0d" 0)

("internal_0d" 1))

4.2.4. Netlist generation – net

Balsainternalnetlistsfor generatedcircuitsareoutputin CAD systemnativenetlistformats

usingthe ‘net’ netlist generators.Netlist generationinvolvesgatheringprototypesfor cells

usedby the generatednetlist, pruning unusedsignalsand addingconnectionsto power

componentsfrompowersignalreferencesin theBalsanetlists.TheBrc_Fork4 component

definitionis output,in structuralVerilog,as:

module BrcFork_4(out_3a, out_2a, out_1a, out_0a, inp_0a);
input out_3a;
input out_2a;
input out_1a;
input out_0a;
output inp_0a;
wire [1:0] internal_0d;
wire vcc, gnd;
LOGIC0 gnd_circuit (gnd);
LOGIC1 vcc_circuit (vcc);
c2 I0 (internal_0d[0], out_0a, out_1a);
c2 I1 (internal_0d[1], out_2a, out_3a);
c2 I2 (inp_0a, internal_0d[0], internal_0d[1]);

endmodule

4.2.5. Commer cial CAD systems

TheBalsaback-endgeneratedgatelevel netliststo import into targetCAD systemsin order

to producecircuit implementations.To date,threeCAD systemshave beentargetted,each

with its own netlistformat,namingconventionsandtool flow. Balsacurrentlyhasa number

of namedtechnologyback-ends(givenherein parentheses),eachtargetingoneof thethree

CAD systemsdescribedbelow. Eachof thesetechnologiesalsospecifiesanetlistformatand

namemappingscheme(which charactersareallowableandescapingmechanismsfor these

characters)to usewith thatnetlistformat.

CompassDesignAutomation toolsfr om Avant! (armlr7)
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Compass[18] is a completeIC designpackagewith schematicentry, simulation,stand-

ardcell compilersandlayoutdesignpackages.Balsanetlistsareenteredinto Compass

usingCompass’snative netlist formatNLS. Schematicsaregeneratedfrom thesenetl-

istsby thenetlist import processandtheseschematicsareusedto producelayoutusing

thestandardcell placeandroutetool PathFinder. Compasswasusedwith a cell library

providedby ARM Ltd. to implementtheAMULET3i describedin chapter6. TheAM-

ULET3i DMA controllerwasproducedusingBalsasynthesiswith thistechnology. Syn-

opsis’sTimeMill [71] wasusedto simulatetheseimplementeddesignsatbothschematic

(pre-placeandroute)level andafterlayoutwasgenerated.

Xilinx Alliance FPGA designtools(xc4000e,virtex)

The Xilinx Alliance tools [74] are usedto generateprogrammingstreamsfor Xilinx

XC4000EandVirtex FPGAdevices. Innoveda’s Powerview [39] CAD systemis used

to enterhanddrawn top level schematicsfor FPGApin connections.Balsanetlistsare

importedintoPowerview andschematicsfor thosenetlistaregeneratedbytheViewlogic

tool ViewGenif sodesired.EDIF 200 netlistsareusedto import intoPowerview andto

exportnetlistsfrom Powerview into theXilinx Alliancetools. TheXilinx toolsarethen

usedto maptheBalsadesigninto FPGAlook-uptableentriesandinterconnectandto

generatethebitstreamusedto programthetargetFPGA.

CadenceDesignFramework II (ams035)

Cadence[15] is usedto enterdesignsdestinedfor silicon,standardcell implementations.

Currentlyonly theAMS 0.35µm 3LM process[1] is supportedusingCadence’sSilicon

EnsembleplaceandroutetoolsandVerilog [73] simulation. Verilog structuralnetlists

aregeneratedbybalsa-netlistfor importationintoCadenceandschematicsaregenerated

from thesenetlistsby the Cadencetool ihdl. Cadenceis a more popular IC design

tool thanCompassandsothemajorityof work on futuretechnologieswill probablybe

conductedusingCadencetools.

Thecurrentback-enddoesnot allow the technologydescriptionto containany technology

specificoptimisationsor compilationoptionsfor usewith the Balsa to Breezecompiler

balsa-c.Suchcompilationguidelinesmay be addedin future revisionsof the technology

mappingportionof theback-end.
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4.3. Component implementations

The handshake componentimplementationsproducedby this back-endfrom its template

arevery similar to theimplementationsof TangramandBalsahandshake circuitsdescribed

elsewhere. Thesynchronisingcomponents(Synch,Passivator…) consistof wire forksand

C-elementtrees,transferrersarebuilt usingonlywiresandvariablesarebuilt with transparent

latchesusing the delay causedby driving the latch enablesignal to provide a write port

acknowledgement.TheCall componentshaveconventionalmergedrequestsandC-element

gatedacknowledgements(likethosedescribedin §2.3.1).

Currently,Balsahandshakecircuitsusethesamehandshakingprotocolsfor all pushchannels

andanothersingleprotocolfor pull channels.Pushandsyncchannelsuse4-phasebroad

signalling. For pushchannelsthis choicemakesdatavalidity aslong aspossible(in order

to simplify dataprocessingcomponents)andin syncchannelsto allow cheaperparallelism

(by useof Fork insteadof Concur)anduseof the return-to-zerophase.Usingbroadpush

signallingwith a cheap,wires-onlytransferrerrequiresthat thepull componentsmakingup

theexpressionsourcingthat transferrerkeeptheir datavalid for sometime after theendof

theiroutputhandshakes.

Using4-phasebroadpull for theseexpressionchannelswouldbeidealin ordertoprovidethis

longdatavalidity. Unfortunately,broadpull requiresthatvariablereadportskeeptheirvalues

betweenhandshakesevenwherethatvariableis writtento. For thisreason,pull channelsare

implementedusing4-phasereducedbroadsignalling. Input datato pull componentsis al-

lowedtochangebetweenonehandshakeandthenext althoughit mustremainvalid for atleast

aslong asthedata-valid periodof thepushhandshake on theoutputsideof a transferrerto

whichthepull channelisconnected.In practice,thisconstraintismetby thestrictsequencing

of writesandreadsto variablesenforcedby thecompilationprocess.A variablesourcingthe

pull channelof atransferreronwhichatransferiscurrentlytakingplacewill notbewrittento

until thehandshakecontrollingthattransferrer(whichcompletelyenclosestheoutput,push,

handshake)hascompleted.

The pull dataprocessingcomponents(BinaryFunc,UnaryFunc,Split, ConstantandCase-

Fetch)areimplementedin sucha way that their dataprocessingportionsoperatecorrectly
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(performsthecorrectlogical function)evenbetweenhandshakes. For componentscontain-

ing anadderstructure,thecarrychainof theadderis implementedusinga pair of carryand

carry-valid signals.Carry-valid canbeused,whenthecomponentis activated,alongwith a

completiondetectiontreetoprovideamatchedpathdelaytocorrectlyreturnanacknowledge-

mentwhendatais ready. During theextendedvalidity periodbetweenhandshakesrequired

by reducedbroadsignalling,thecarrychaincontinuesto functioncorrectly(andsotheadder

continuesto producecorrectresults)but thecarry-valid signalsarereturnedto zero.

4.4. Problems with this back-end

This back-endhasa numberof outstandingproblems. Someof theseare relatedto the

way that this back-enddoesnot optimiseor performsignaldrive strengthanalysisacross

componentboundaries.Otherproblemsarerelatedto thelackof consistenttimingvalidation

in thecurrentback-end.

4.4.1. Signal drive strengths

Managingdelayscausedby theloadon signalsdueto signalfan-outis currentlyperformed

by compiling tablesof ‘required drive strengths’for all the signalswithin a handshake

componentwhile producingthe parameterisedversionof that component.This tabulation

is automated,theerrantsignalsarereportedto theuserin orderof their lack-of-drive. Any

cellswhichareincapableof drivingtheiroutputsignalscanthenbereplacedbymorestrongly

driving cellsor buffer cells.

Insertionof buffers to increasesignaldrive strengthis currentlyperformedby handas it

is difficult to get a goodview of the problemscausedby poorly driven signalsuntil after

simulation. Whensimulated,a designyields informationaboutthe delayscausedby poor

driveacrosssignalboundariesandat thecircuit peripheries.

The large numberof Balsahandshake componentswhich consistlargely of feed-through

connectionsfrom oneport to another(e.g.Adapt,Fetch,Split, Combine)makesa hierarch-

ical approachto managingsignalbufferingimpracticalasrealistic,staticvaluesfor theloads

presentedby theinputsto handshakecomponentscannotbecompiled.Flatteningtheseport-
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to-portconnectionsby usingthetwocomponent(Brz andBrc prefixcomponent)expansion

of handshake componentscanallow thesefeed-throughconnectionsto be removed but at

thecostof producingmorecomplicated,difficult to traverseschematics/netlists.Figure4.3

shows theimplementationof the2-way DecisionWait handshake component.Theacknow-

ledgementsfor theoutputsyncchannelsarefed directly backto the input syncchannelsas

partof theenclosing,port-to-port connections,Brz wrapper.

C

C
activate_0r

inp_0r

inp_1r

activate_0a

BrcDecisionWait_2

BrzDecisionWait_2

inp_1a
inp_0a

out_0r

out_1r

out_1a

out_0a

Figure 4.3. DecisionWait handshake component implementation

Two obvioussolutionspresentthemselves:theconsistentuseof timing analysisonproduced

circuitsto choosepointsin thetop level netlist to placebuffersandtheadoptionof a setof

handshake componentswhich have fewer feed-throughconnectionsandsofewer signalsto

complicatepartiallyflattened(flattenedupto theBrc components)netlists.Thecomponents

describedin chapter5areintended,in part,to addressthisfeed-throughproblem.

4.4.2. Timing validation

Timing analysisof Balsasynthesisedcircuitsis currentlyundertakenby ‘exhaustive’simula-

tion of thefinal, implementedlayoutof thosedesigns.Simulationtracefilescanbeanalysed

toensurethatsignaltransitionsarefastenough(addressingthesignaldrivestrengthproblem)

andthat bundlingconstraintson channelsandtiming constraintsinternalto the handshake

componentsaremet.

Unfortunately, this form of analysiscannot be guaranteedto exposeall timing problems
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asit maybeimpossible(or at leastimpractical)to exhaustively exercisea particulardesign.

Therefore,statictiminganalysiswill havetobeaddedtofutureversionsof theBalsaback-end

whichproduceimplementationswhich requireinternaltiming constraintsto beobeyed. It is

alsoplannedto targetBalsaat thenewer approachesto delay-insensitive circuit generation

(suchasn-of-mcodesandNCL). TheseDI approacheswill not requiretiminganalysisother

thanto treatslow signaltransitionsdueto poorlydrivensignals.

4.5. Other new design flo w features

The new Balsaback-endisn’t the only new part of the Balsadesignflow. As mentioned

previously, an improvedversionof theLARD simulationinterfacehasbeendeveloped.A

numberof additionsto balsa-candtheBalsalanguagehave alsobeenmadesincethework

describedin [6]. Two tools to helpwith designmanagement,balsa-mdandbalsa-mgrhave

alsobeendeveloped.

4.5.1. LARD sim ulation – breeze2lard

LARD [22][21] is essentiallya flexible programminglanguagewith very fine grain threads,

a run time environmentwith sourcelevel debuggingandan acknowledgementof the im-

portanceof channelcommunication.Channelcommunicationin LARD is implementedby

carefuluseof sharedmemory, non preemptive threadingandparameterisedtyping andal-

thoughveryflexible is veryeasyto breakby accessingthesharedmemorydirectlyor by fail-

ing to enforcemutuallyexclusive sender/receiver useof thetwo endsof a channel.LARD

has,however, beenof greatusein producinginitial designsfor AMULET3i. Theability to

write large,behavioural,channelconnectedblockswhichsimulatequickly allowing realistic

amountsof codeto berunona modelledprocessorallowstheuserto try differentprocessor

organisationsin ashortspaceof time.

An exampleof theuseof LARD asa simulationback-endfor Balsawasgiven in [6]. This

original tool mappedBreezehandshake circuitsinto LARD by instantiatingmodelsof each

componentin that handshake circuit as a separateLARD processproducinga structural

modelof theBreeze.Structuraltranslationleadsto very slow simulationsdueto theheavy

channelcommunicationcost in LARD and also slow channelviewer startupdue to the
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potentiallylargenumberof channelsinvolved. Balsa’sdatatypingwassimulatedusingarrays

of booleanvaluesto simplify bitfield extraction/concatenation.

Sincethen,amuchimprovedtool,breeze2lard,hasbeendevelopedto allow Balsadesignsto

beautomaticallytranslatedintoLARD toallowdesignvalidationandsimulation.Breeze2lard

createsLARD modelsby translatingBreezehandshake circuit files eitherstructurallyinto

LARD (in thesamewayastheold Breezeto LARD translator)or by recoveringbehavioural

descriptionsfrom thehandshake circuit controlflow. Structuraltranslationis usedasa fall

backpositionwhenperformingbehavioural descriptionrecovery for portionsof the hand-

shakecircuit for whichrulesfor reconstructingbehaviour donotexist.

Unfortunatelytheexistingversionsof LARD poseda numberof additionalproblemswhen

usedasasimulationenginefor Balsa.

Chang es to LARD

Many of theproblemsinherentin usingLARD asaBalsasimulationenvironmentarearesult

of its initial designandemphasisonhigherlevel modelling. Theseinclude:

• Balsadatatypesareof fixed lengthbut Balsadoessupportintegersof lengthsgreater

than the machineword. LARD modelstypically use the built in type int which

representsasinglemachinewordtomovedataaround.LARD doesnotsupportarbitrary

precisionintegers.

• LARD doesnotsupportbitwiserecordfield positioning.A typesuchasrecord a :

5 bits; b : 3 bits end in Balsais an8 bit longtypewith two fieldscovering

bitfields [4..0] and[7..5] respectively. LARD only supportsnamedfield extractionon

wholewords.

• LARD channelsdon’t supportpull channelbehaviour. The standardLARD channel

modelprovidesonly abstract,2-phaselikechannelbehaviour.

• LARD doesn’t support sourcelevel debugging of anything but LARD. The user

cannot‘renumber’thelinesin a LARD file to make theuseof a languagetranslatedto

LARD transparent.In C thiscanusuallybeachievedby usingthepreprocessorcpp(1).

cppremovesall preprocessordirectivesandexpandsmacrosbut makesthesechanges

transparentto theuserbyaddingexplicit filenamesandlinenumbersin itsoutputformat
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which thecompilerusesto generatedebugginginformation.

• The LARD channelviewer can’t display enumeratedtypes,multi-precisionintegers

(however they are implemented)or recordstructuresin any form other than simple

formattedintegers.

• Thelargenumberof channelspresentin handshake circuit descriptionsleadto LARD

modelswhichcompileandrunveryslowly.

Theneedfor all of thesefeatureshasbeenmetby addingthemeitherto theLARD language,

its interpreteror by rewriting someportionof aLARD library.

Multi-precision integers were adoptedby adding support for the GNU Multi-Precision

arithmeticlibrary (libgmp) [34] to LARD. Formattedprinting and parsingwereaddedby

makingC-like printf andscanfformatstringbasedprintingandparsingfunctionsavailable

in theLARD language.Theseformattingoperationswerewritteninto thecodeof theLARD

interpreterto allow themto beusedby thechannelviewer for signaldisplay. Bitfield record

typesaresupportedby bit extractingvariablereadoperationsonmulti-precisionintegers.To

supportsourcelevel Balsadebugging,cppstyle‘# linenofilename’directivesarerecognised

in inputfilesby theLARD compiler(lcd). Pull channelsareprovidedby arewrittenchannel

library which modelschannelrequest/acknowledgepairsasindividual signalswith 4-phase

handshakes. All thesenew featuresweremadeavailablein LARD version2.0.12.

The oneremainingproblemis the large numberof channelspresentin translateddesigns

whicharestructurallygeneratedfrom Breeze.Parameterisedmodelsof theBalsahandshake

componentset werehandwritten in LARD which the translationtool would composeto

generatea structuralmodelof the Breezehandshake circuit. Translationcould insteadbe

performedfrom Balsaitself resultingin morebehavioural modelswith fewer unnecessary

channels.A largeproportionof thesechannelareassociatedwith thecontroltreerootedatthe

‘activationchannel’(effectivelytheresetwire)of thecircuit sothereplacementof thistreeby

LARD codewouldsignificantlyreducethesizeof thesimulationmodel. Unfortunatelythis

wouldalsomakethetranslationtool dependenton thesyntaxstabilityof theBalsalanguage

whereasthe useof Breezeonly requiresnew LARD componentmodelsto be written for

new handshake components.Fortunately, dueto thedirectnatureof Balsacompilation,we

canperformthe samecontrol translationby examiningthe controlhandshake components
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danglingoff theactivationchannel.

Behavioural models

Behaviouraldescriptionsarerecoveredfrom handshakecircuitsby notingthatthesecircuits

consistmainly of a control treeterminatedin transferrercomponents.The transferrersare

themselvesconnectedto expressionsor channelson their input sidesand to variablesor

channelson their outputsides. Their function is to transferdatafrom their inputsto their

outputsunderthe control of their data-lesssynccontrol channels.Figure 4.4 shows this

general‘coathangerandbow ties’structure.

→

→

control component tree

activation channel

lvalue treesexpression trees

control channels

Figure 4.4. Control tree structure in handshake circuits

A diagramof thiskind canbedrawn for any handshakecircuit asall controlflows,ultimately,

from thecircuit activation. Considerthissmallbuffer example:

procedure buffer (
input i : byte;
output o : byte ) is

variable x : byte
begin

loop
i -> x;
o <- x;
o <- (x + 1 as byte) -- add one

end
end

Thehandshake circuit diagramandactivationtreefor thecompiledversionof thisexample

is shown in figure4.5(with channelnumbersindicatedonbothdiagrams).Thiscircuit actsa

single-placebuffer whichsendsout its receivedinputvaluetwice(oncewith itsoriginalvalue

andasecondtimeincremented)beforeacceptingasecondinput. Theactivationtreestructure
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is simply a treewith threetransferrerseachconnectedto the variablex and respectively

connectedto portsi , o ando. Theincrementexpressiononx by thethird communicationis

shown aspartof theexpressiontreeon thatcommunication.Thetwo connectionsto port o

areshown withoutamultiplexer(Theindicatedcomponentin thehandshakecircuit diagram)

asany possibleactivationof thetreewill neverresultin non-mutuallyexclusivewritesto that

port. Themultiplexer is not shown on theactivationtreediagramasconnectioncomponents

arenot shown in this notation.The translatorhandlesthe activation treeby keepinga set

activate

+
o

i

1
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#3
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#6 #7
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#10#9

#5
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(3)

(3)

x + 1

x

(4, 5)

o

o

xi

1

(14)

Figure 4.5. A simple buffer example: handshake circuit and activation tree

of root channelsto control treeswhich needto be traversed.The majority of the control

components(Loop,Sequence,While, Concur…) areknown explicitly to thetranslatorand

areconvertedto atreerepresentingtheLARD codeto generate.Expressionsandlvalues(the

componenttreeconnectedtooneor morevariablewriteportsor outputchannels)arehandled

by twoadditionalfunctionsworkingliketheactivationtreecrawlerbut alongdatapathstoand

from variablesandports. Theexpressionandlvaluefunctionsarecalledwhentheactivation

treecrawler reachesa transferrer.
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As LARD doesnot requireexplicit multiplexing or control demultiplexing for forks and

joins in channels,the translatorgeneratesno codefor thesecases.If a control treehasa

channelconnectedto a Call block thenthis is treatedin thesameway:an explicit channel

communicationis placedin theLARD codeandthechannelnumberof thiscommunication

is addedto theworkingsetof unexaminedcontroltrees.

Onceall thecontroltreesof a procedurehave beenexamined,theLARD codeis generated.

Thecodefor thebuffer exampleis:

‘BP_buffer‘ (
‘P_activate‘ : var(SyncChan),
‘P_i‘ : var(PullChan(8)),
‘P_o‘ : var(PushChan(8))

) : expr(void) =
(

‘V0_x[0..7]‘ : var(BalsaVariable) .
Init (‘V0_x[0..7]‘, V0_x[0..7]) ;

forever (
‘P_activate‘ ? ( Body of select enclosed

forever (
‘V0_x[0..7]‘ := (‘P_i‘ ? (?‘P_i‘)) ; input
‘P_o‘ ! Read (‘V0_x[0..7]‘) ; output
‘P_o‘ ! (Read (‘V0_x[0..7]‘) +

s2mpint ("1"))[7 to 0]
) ) )

) .

ThegeneratedLARD codeis almostexactly thesameasthesourceBalsacode(in control

structureif notin syntax).Themajordifferenceistheadditionof theouter‘‘P_activate‘

? (forever …)’ loop which allows this procedureto be structurallycomposedandto

respondto anexplicit activation. If thiswerenot presentandthecontrolstructurefollowed

theBalsaexactly, it would bedifficult to accommodatethenotionof sharedblocksof code

withoutmorecomplicatedanalysisof theinputcode.

Considerthesameexamplewith thetwooutputcommunicationsreplacedbycallstoashared

blockof code(without theincrementin thesecondcommunication).First in Balsa:

shared out is begin o <- x end
. . .
i -> x; out (); out ()

Resultingin thegeneratedLARD code:

forever (

Chapter 4. The Balsa Back-end 99



4.5. Other new design flow features

‘C10_@6:23‘ ? this is the shared block
( ‘P_o‘ ! Read (‘V0_x[0..7]‘) )

) |
forever (

‘V0_x[0..7]‘ := (‘P_i‘ ? (?‘P_i‘)) ;
sync (‘C10_@6:23‘) /* call */ ;
sync (‘C10_@6:23‘) /* call */

)

If thecall to thisprocedurewasusedasanactivationthenthesharedblockcodewouldnever

terminate.Thesharedblockscouldbere-implementedwith local LARD proceduresbut it

wasconsideredto bemoreflexible to maketheactivationexplicit in thisway.

Test harness generation

Testharnessesfor LARD simulationscanbecreatedbybreeze2lardalongwith LARD models

of Balsacircuits. The generatedtestharnessescanprovide valuesto inputsto the circuit

undertest(eitherconstantor from a file) andcaptureoutputof thecircuit to file. Othertest

behaviours(e.g.connectingaBalsadescribedmicroprocessortoasimulatedmemorysystem)

canbecreatedby addingto theLARD testharnessby hand.

Greatersupportfor usingBalsaitself to describetestfixturesfor circuitsis plannedin future

versionsof thebehaviouralsimulationsystem.

4.5.2. New balsa-c features

Twonew featureshavebeenaddedtoBalsaaspartof thiswork:parameterisedproceduresand

outputselection.

Parameterised procedures

Parameterisedprocedureshave argumentsother than port connectionswhich are usedto

determineaspectsof the procedures’expansionwheninstantiated.Theseparametersmust

beconstantsatcompiletimeasthey aretypicallyusedtocontrolthesizeandnumberof ports

andchannelswithin theexpandedprocedure.As anexample,considerthisdefinitionof an

n-input multiplexer with w bits wide inputsandoutput(the typecardinal is usedin

configurationto indicateany naturalnumber):

procedure Mux (
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parameter w : cardinal;
parameter n : cardinal;
array n of input inp : w bits;
output out : w bits ) is

begin
if n = 0 then print error,"Parameter n should not be

zero"
| n = 1 then

loop
select inp[0] -> inp then

out <- inp
end

end
| n = 2 then

loop
select inp[0] -> inp then

out <- inp
| inp[1] -> inp then

out <- inp
end

end
else

local
channel out0, out1 : w bits
constant mid = n / 2

begin
PMux over w, mid of inp[0..mid-1],out0 ||

PMux over w, n-mid of inp[mid..n-1],out1 ||
PMux over w, 2 of out0,out1,out

end
end

end

This definition constructsthe requiredmultiplexer by recursive decompositioninto 2-way

multiplexers. The n and w parameterscan be applied to producean expansionof this

multiplexer (in thiscasea4-way, 32b multiplexer)so:

procedure Mux_4_32 is Mux over 4, 32

This parameter-appliedversionof Mux is boundto the nameMux_4_32 for later instan-

tiation.

ParameterisedBalsaproceduresareexpandedbyre-examiningthecodeof theprocedurewith

theparametersreplacedby constants.It is necessaryfor balsa-cto dumpout thesourcecode

for parameterisedproceduresto compiledBreezefiles in orderto allow otherBalsafiles to

expandtheirown versionsof theprocedures.
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Output selection

Balsadescriptionscanbewritten in which behaviour canbeaffectedby thearrival of one

of a numberof input communications.The Balsaselect andarbitrate statements

areusedto expressthis input choice. An exampleof theuseof select canbeseenin the

parameterisedprocedureexamplegivenin theprevioussection.

Tangramselect semanticshave previously allowedselectionon both inputsandoutputs.

This is easyto provide in Tangramasthecommunicationon which theselectionis basedis

sequencedwith the commandto executeasa consequenceof that communication.Input

selectionsarethereforeterminatedin assignmentstovariablesandoutputcommunicationsare

sourcedby expressions,bothof whichoccurbeforethebodycommandof theTangramsel

… les command.

Balsaselect commands,however, enclosethe bodycommandwithin the input commu-

nicationin orderto allow thevalueon the input channelto beused(unlatched)insidethat

command.To allow behaviour to beaffectedby theorderof arrival of requestsfor outputs,

it wouldbeusefulif thecommandattachedto theselect endof communicationcouldbe

performedbeforetheoutputcommunication.Unfortunately,dueto theuseof reducedbroad

signallingfor pull (outputselection)channels,thevalueof theoutputexpressionmustbecon-

stantuntil sometimeaftertheendof thecommunicationmakingit difficult to exploit inter-

estingoverlappingsof outputcommunicationandcommandactivation.

Output selectionis, therefore,implementedas a strict sequencingof two operations:the

activation of the chosencommandand the output communication.A single term of a

selectioncanconsistof anumberof channels,all of whichmustarrivebeforethecommandis

activated.If someof thesechannelsareinputs,theactivatedcommandcanmakeuseof their

valuestoperformsomeoperations.Thisoperated-onvaluecanthenbeassignedtoavariable

beforebeingcommunicatedoutwardsby theoutputchannelsof theselection.

For example,an incrementerwhich receivesrequestsfrom both its input andoutput,reads

theinputvalueandthenreturnsanincrementedcopy of thatvalueto theoutputaftertheend

of theinput communicationcouldbedescribed(wheretheoutputcommunicationaspartof

select guardis expressedchannel<- expression):
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procedure AllPassiveInc (
input i : byte;
output o : byte ) is

variable x : byte
begin

loop
select i, o <- x then

x := (i + 1 as byte)
end

end
end

Thisprocedureis fairly uselessasabuffer stage,however. Theoutputandinputcommunica-

tionsaretoocloselyinterlocked. A morerealisticuseof outputselectionis to build monitors

aroundsharedresources.For example,thisparameterisedprocedurecouldbeusedtoprovide

asinglereadport,singlewrite portarbitratedaccesssharedvariable:

procedure SharedVar (
parameter t : type; -- parameter is a type
input write : t;
output read : t ) is

variable sharedVar : t
begin

loop
select write then

sharedVar := write
| read <- sharedVar then

continue
end

end
end

Thebodyof thereadcommandis continue asnobodycommandis required.

;
width

out
width

inp

signal

SequencePull  
( parameter width : cardinal;

passiveoutput out;

activesyncsignal;

active input inp : width bits )

#[ out ! [ signal; inp ? inp ] ]

Figure 4.6. SequencePull handshake component

Outputselectionis implementedin handshakecomponentsusingthenew SequencePullcom-

ponent.SequencePullactslikeaSequencecomponentbut hasapull activationport(out ) on

which a valuefrom thesecondsequencedport (inp , which will beconnectedto theoutput

Chapter 4. The Balsa Back-end 103



4.5. Other new design flow features

expression)canbeconnected.Thebodycomandof theselectionis connected(via theselec-

tion hardwareusedwith input selection)to the first sequencedoutputof the SequencePull

(portsignal ). SequencePull’ssymbolandbehaviour areshown in figure4.6.

4.5.3. Design management – balsa-md, balsa-mgr

Two tools have beenwritten to help with designmanagement:balsa-mdand balsa-mgr.

Balsa-mdis a inter-file dependency analyserfor Balsafiles which canproduceMakefiles

to describethebuilding of BalsaprojectsandLARD simulation. Balsa-mgris a graphical

front-endfor balsa-mdwhich allows projectsto beconstructedandtestharnessesfor those

projectstobedescribed.Bothtoolscanbeextendedtoaddnew rulesfor drivingtheback-end

toolsdescribedin §4.2.

Balsa-mdis written in Schemeusing the samecodebaseas the other back-endtools.

Balsa-mgris written in C usingtheGTK+ GUI toolkit for its graphicalfront-end.

4.6. Chapter summar y

This chapterhasdescribeda programmablehandshake componentgeneratorwhich can

producegatelevel implementationsof all thehandshakecomponentdescribedin chapter3. A

methodfor simulatingBalsadesignsbyreconstructingbehaviouralmodels(writtenin LARD)

from Breezefiles. Thesemodelscanthenbeexecutedto simulatethesourcedesign.

This back-endmakesuseof templatesto performits componentexpansions.It is hopedin

futureto adaptthenotationdescribedin §3.4to allow many of thesetemplatesto bereplaced

by synthesisof behavioursdescribedin thatnotation. In addition,futurework will include

theimprovementof thesourcelevel debuggingandsimulationservicesofferedby LARD.
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Components

Thischapterintroducessomenew handshake components.Thesecomponentsareintended

tosolvesomeof theproblemswith producingadirect,hierarchicalimplementationsof hand-

shakecircuitsgeneratedfrom thecurrentBalsasynthesisroute. Theaim is to producehand-

shakecircuitswhicharecomposedof fewer, largerhandshakecomponents.Peepholeoptim-

isationat thehandshake circuit level is usedto replaceclustersof existing handshake com-

ponentswith thesenew,morehighlyparameterisedcomponentswhichshouldhelpreducethe

amountof gatelevel optimisationnecessaryto produceacceptablyoptimalimplementations.

Thischapteris composedof threesections:

1. A brief overview of the problemsinherent in existing handshake circuit synthesis

and some justification for introducing larger handshake componentsto help solve

theseproblems.

2. Descriptionsof theproposednew componentsandrulesfor theiruse.

3. A summaryexplainingtheremainingproblemswhichtheintroductionof thesecompon-

entsdonotsolve.

Chapter7 discussestheapplicationof thesecomponentsto theimplementationof asubstan-

tial testdesign.Comparisonsof this testdesignwith andwithout thenew componentsare

quantified.

5.1. The troub le with Balsa handshake cir cuits

This sectiondescribesthe problemswith the handshake circuitsapproachwhenusedasa

generalapproachto designdescription.Limitationsof thehandshake circuitsusedwith the

‘old’ TangramsystemandthecurrentBalsasystemaswell assomerecentimprovementsto

theTangramsystemarediscussed.

Handshake circuits provide an attractively simple way to implementasynchronouslogic
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circuitswith channelbaseddescriptions.Theuseof explicit request/acknowledgehandshake

signalling to implementcommunicationsbetweencomponentsmirrors well the structure

of channelbasedHDL descriptions.This usefulfeaturemakesautomatedsyntax-directed

andhand-built implementationsof channelbaseddescriptionseasierin handshake circuits

thandescriptionswritten in otherparadigms(suchasnetworks of statemachinesor RTL

level descriptions).Unfortunately, not all designsfind their mostnaturaldescriptionsin the

sameparadigm.

Implementationscomposedfrom van Berkel’s original handshake componentset (the set

usedwith theversionof Tangramdescribedin [9]) tendto consistof largenumbersof small

handshakecomponentseachwith fixed(i.e.unparameterised)behaviours. Thesmallnumber

of availablehandshake componentformspresentin theprovidedhandshake componentset

beliesthe fact that eachcomponentwhich a handshake circuit containsmay be different,

parameterisedversionof oneof thosecomponents.This leadsto circuitscomposedof large

numbersof componentsselectedfrom alibrarycontaininga largeselectionof parameterised

components(which have previously beenexpandedfrom templatesby a mechanismlike

that describedin §4.2). Handshake circuit netliststhereforehave a tendency to becomean

unwieldymessof toomany componentsselectedfrom alibrarywhichisuncomfortablylarge

andwith toomany interconnectingchannels.

TheBalsahandshake componentsetis largely thesameastheoriginal Tangramhandshake

componentset. Thesamesmall,unparameterisedcontrolcomponentsarecombinedwith the

sameconnectioncomponentsto producesimilarly fine-grainhandshake circuits. TheBalsa

componentsdo,however, tendtohaveparameterisednumbersof ports(e.g.n-portSequencers

ratherthantreesof 2-port SEQcomponents)to allow a numberof like componentsto be

combinedin ordertoallow local,specificimplementationoptimisationstobeappliedto these

componentsandfor handshake circuitsto begeneratedwhich arelessclutteredby internal

controlchannels.

Thebenefitsof thisprincipleof replacingaclusterof componentswith asingleparameterised

componentwhoseimplementationis locally optimisedfor areaare clear. What is less

obviousis theimprovementin synthesisdirectness(thenotionof directnesswasintroduced

in §2.2), especiallywhendirectnessis appliedto the pathfrom handshake circuits to their
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final implementations.Larger handshake componentsallow the netlistsproducedby the

Balsaback-endto bemorecomprehensibleandeasierto understandby thedesigner. Larger

componentsalsomake hierarchicalplaceandroutemorepracticalwhich mayhelpeasethe

problemof achieving timing closure.

Preservinghierarchy in handshake circuit implementationsandkeepingsynthesisdirectall

thewayto thegate/standardcell level is theeasiestwayto improvethelink thatthedesigner

hasbetweentheinputBalsadescriptionandthestructureof thefinal implementationof that

description.Althoughtherearedirectimplementationsfor eachof thehandshakecircuits,and

thesedirectimplementationscaneasilybecomposedto form handshakecircuits,thesehand-

shake circuitsdo not alwaysreflectthebestoptimisedgatelevel implementationsof those

circuits. A numberof problemsexistaseitheraconsequenceof directcircuit implementation

or asoutstandingproblemswithin handshakecircuits.

5.1.1. Signal drive strength management

Signaldrive strengthmanagementis concernedwith ensuringthateachsignalin an imple-

mentationissufficientlywell driventoensurethatit possibletodrivethenumberof cell input

loadstowhichit isconnected(or,moreusuallyin CMOS,thedriveis largeenoughtoproduce

anacceptablysmalldelayandacceptablyfastedgespeed).Thisisusuallyonlyaproblemwith

implementationsintendedto befabricatedasICswheresignaldrivesmustbehandledby the

designerby eitherinsertingbufferingcellsor by replacingexistingcellswith cellsof greater

drivestrength.

Theproblemof insertingbuffersintohierarchicalhandshakecircuitswasbrieflydiscussedin

§4.4.1. Thiswasin relationto feed-throughsignalswithin handshake componentsandtheir

implementationsin thenew Balsaback-end.Partial flatteningof handshake circuit netlists

wassuggestedasasolutionwith theadditionaldriveprovidedby insertingcomponentsbefore

theforksin signalsexposedin thetoplevel of thecircuit by thatflattening.

Signaldrivestrengthproblemsalsoappearin Balsahandshakecircuitsaroundvariableread

ports. Thesignalforkswhich providedatato eachof a Variablecomponent’sreadportsare

drivenonly by thelatchcell which formsthatVariable’sstorageelement.Thedecisionnot

to insertbuffering (by default) in this situationwastakenbecausethemajority of readport
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bits areimmediatelydiscardedby Mask or Adapthandshake componentsin orderto make

bitfield selectionson variablecontents.Drivestrengthproblemsalsooccurat thereadports

of FalseVariablesin thesameway.

5.1.2. Contr ol optimisation

Thecontrolin handshakecircuitsis composedof a smallnumberof handshakecomponents

(Loop,Sequence,Concur, While …) composedto constructactivationtrees(asdiscussedin

§3.5.1and§4.5.1). Thesetreesproviderelativelyconservativeimplementationsof sequential

andconcurrentcommandcompositionwith no overlapof handshakesin sequentiallycom-

posedcommandandhandshake independenceon commandsconnectedin parallel. Balsa

doesnotcurrentlyperformany analysisonsequentiallycomposedcommandstodetermineif

theiractivationhandshakescouldbeoverlapped(eitherin partor in whole)to allow moreef-

ficienthidingof thereturn-to-zerophasesof activationhandshakes. Also,parallelcomposed

commandsneednotalwayshavetotally independentactivationhandshakes,adegreeof syn-

chronisationis oftenallowable.

For sequencing,Planadescribesjust sucha systemof overlappedsequencercircuits [61]

basedonthework of Martin [49], Josephs,Bailey [4],KagotaniandNanya [42] andasystemof

datahazardavoidancemethodswhenusingthesecircuits. Thesecircuitscanbeconstructed

from sub-componentsin the sameway as existing Tangramsequencersare constructed

from S-elements.Resynthesistechniqueshavealreadybeendiscussed(in §2.4.2, §2.4.3) for

building bettercontrolcircuitsto replaceclustersof handshakecomponents.Thesetypesof

improvementsto controlcomponentsarenotyet integratedinto Balsa.

5.1.3. Channel construction

Many of theconnectioncomponentsavailablein Balsaexist only toprovidesynchronisations

and mergesin communicationsbetweensync channelsand datapaths.Theseconnection

componentsareusedto constructBalsalanguagelevel channelsby connectinghandshake

channelsfrom input/outputcommandsandprocedureinstantiations. Communicationson

channelsneedto be directedto the input which is currentlyactive in a way that preserves

delay-insensitivity. Multi-cast communicationsalsoneedto be routedto just thoseinputs
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whicharepartyto themulti-castat thispoint in thedescription1.

VanBerkel describestheTangramcompilationfunctionfor providing anactive-input/output,

passive interconnectsolution which preservesdelay-insensitivity in systemswith simple,

choice-freecommunications.TheTangramcompilationfunctiondescribeschannelcombina-

tion in compilationby usingthree-portedconnectioncomponentswhichprovideconnections

betweentwocommands.Thethirdportof eachof theseconnectioncomponentscontinuesthe

communicationformedbythatcomponentontoothersequentiallyor concurrentlycomposed

commands.Peepholeoptimisationcanreduceportionsof theseconnectioncomponenttrees

into themorecompactn-portedformsmentionedin theintroductionto thissection.

In single-rail implementations,thedatapathfork anddemultiplexing componentsareessen-

tially identicalto their datalessequivalentswith just forkeddatapathwiring asanaddition.

Theneedtopresentchannel-basedinterfacesto theirenvironmentsmakestheimplementation

of channelsynchronisationin handshakecircuitslesselegantthanin techniquessuchasmi-

cropipelines(§2.3.1) wheredatapathandcontrolareseparatedandwherebundlingconstraints

needonly beimposedatmajorinterfaces.

Difficult synchronisationarrangementsalsocomeaboutwherepassive input operationson

thesamechanneloccurin severalplaceswithin abodyof code.With activeinputcommands,

therequestsfrom thecontroltreearepassedonto theconnectioncomponentstobecombined

by C-elementsinto completesynchronisations.Sequencedinputsat differentpointsin the

circuit descriptioncanbecombinedusingcall elements.With passiveinputs,however,Balsa

currentlyimplementschannelcommunication/controlsynchronisationwith a FalseVariable

componentfollowedbyanetwork of DecisionWaitandSynchcomponents.In ordertoallow

multiple inputson thesamechannel,therequestfrom thecommunicationmustbeforkedto

all inputtingFalseVariablecomponents(or alternatively,asingleFalseVariablecouldbeused

with forking of the ‘signal’ port requests),the acknowledgementto this requestis sourced

by only one input commandwith the requestbeingwithdrawn from all the inputsby the

applicationof thisacknowledgement.Thisarrangementis not delay-insensitiveandassuch

is notcompatiblewith achannelbasedimplementationin Balsa.TheCallActivecomponent

1Multi-castcommunicationsspreadasingleoutputcommunicationontomany, parallelcomposed,inputs.e.g.c <-
1 || c -> v1 || c -> v2 hastheeffectof assigning1to bothof thevariablesv1 andv2 .
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wasprovidedto performthis typeof forkedrequest,singleacknowledgementbehaviour in

non-DIchannels.Figure5.1showsanexampleof theuseof CallActive(shown as‘|!’) with

a two point inputonchannela.

command1

command2

a

activate2

DW

activate1

DW

|!
FV

Figure 5.1. Sequenced passive inputs implemented with CallActive

All of theseconnectionandconditionalsynchronisationcombinationscanbemoreelegantly

implementedby the introductionof ‘programmable’synchronisation/callcomponentsin

which the synchronisationandcall choicescanbe expressedasa specificationstring in a

similar way to the Casecomponent.Implementationscanthenbe madeby localisingthe

isochronicwire-forks requiredto implementpassive input structuresand to simplify the

constructionof theBalsachannelsbyallowingthedatapathandcontroltobeseparatedwithin

thenew component.

5.1.4. Operations with individual signals

Whereit is necessaryto describebehaviour in termsof individualsignaltransitionsasystem

basedentirely on channelcommunicationsis insufficient. Signal level operationscan be

implementedin handshakecircuitsby usingsmallinterfacecomponentswhichhavechannel

interfaceson onesideand signal interfaceson the other. Thesecomponentscanperform

operationssuchas:probingof signallevels,waitingonsignaltransitionsandassertinglevels

on individualsignals.

In orderto makesignallevel descriptionspossible,Tangramhasadoptedlanguageconstructs

for handlingthegenerationof transitionsonindividualsignalsandfor waitingoninputsignal

transitions.Theselanguageconstructshavebeenadoptedtomakebuildinginterfacesbetween

Tangramhandshakecircuitsandtheirenvironmentseasier[57]. In particular,Tangramcircuits
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canbebuilt towait for clockedgestoallow easierinterfacingwith synchronousenvironments

[44].

Balsadoesnot includethe ability to performoperationson individual signals. The signal

level manipulationcomponentsaretypically only usedat theperipheriesof circuitsandso

it is consideredeasyenoughfor thedesignerto make thosecomponentspart of thecircuit

surroundingtheBalsasynthesisedcomponents.Whereindividualsignalmanipulationisused

insideadescription,thesignalscanoftenbereplacedby channelsor by extracontrol.

5.1.5. Datapath operations

Directlycompileddatapathscontainarichsourceof potentialgateleveldatapathoptimisation

opportunities.Thisis especiallytruewhereconstantsareusedasinputsto datapathcompon-

ents.Considerthisexampleof aTangram/CSPstyleinputselectionoperationbetweenchan-

nelsc andd whicharereadinto variablesc_v andd_v andfor whichthecommandsCand

Dareactivatedaccordingtowhichinputarrivesfirst (thecommunicationandbodycommand

aresequenced):

local
variable s : bit -- store choice of input channel

begin
loop

select c then
c_v := c || s := 0

| d then
d_v := d || s := 1

end ;
if s then C else D end

end
end

Thehandshakecircuit for thisexampleis givenin figure5.2. Notethattheassignmentsinto

s aremadethrougha multiplexer attachedto theconstants0 and1andactivatedby thetwo

armsof theselect command.Asall datain Balsaisencodedin binary,asinglebit variable

composedof asinglelatchisusedtostorethevalueof s . Thisvariable,themultiplexer(Call-

Mux component),two transferrersandConstantcomponentsforming the two assignments

to s could,therefore,bereplacedby asingleRSlatchwith achannelinterface.Alternatively

a singlecomponentcould replacethe pushmultiplexing of constantsto allow the input to

thevariableto beencodedfrom theactivity of theactivationchannelsto thetwo,assignment
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forming,transferrers.Asthevalueassignedtos is,ultimately,decodedagainby theif state-

mentactivatingoneof thecommandsCandD, it mayalsomakesenseto holds in aone-hot

encodedform. In thisexample,thetrueandcomplementoutputsof theRSlatchmentioned

previously could be used. With morethantwo inputsto handle,morelatch bits would be

needed.

(Case)

1

0

1

0

DW

c FV
1

d FV
1

→

→

‘d_v’

→1

→0

‘c_v’

| ‘s’ →

@
0;

1 C

D

activate#;

||

||

Figure 5.2. Tangram-style select handshake circuit

The currentsetof componentspresentfor implementingexpressionsmake it expensive to

build dataoperationswhichmanipulateindividualbitsof asourcewordandconstructaresult

word from theseoperations.Figure5.3showstheimplementationof a bit reverseoperation

on a 4 b argument. This circuit involvesgatheringfour argumentsfrom the samesource

variable(v ) (Maskcomponentsareusedtoselectindividualbitsfrom thesourcevariable)and

thencombiningtheminto asinglewordusinga treeof Combinecomponents.

0

1

2

3

F

0b1000

F

0b0100

F

0b0010

F

0b0001

‘v’

4

Figure 5.3. 4b bit reverser handshake circuit
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Unfortunately, each Combinecomponentcontainsa C-elementto synchronisethe two

incomingwords. TheseC-elementsaresuperfluoushereas,whensinglerail bundleddatais

used,delaymatchingof thetwo variablereadscanbecombinedandtheC-elementremoved.

Performingthis optimisationon the technologymappedgatelevel netlistof thehandshake

circuit hasbeendescribedby Peeters[58]. If gatelevel optimisationis to beavoided,other

meansof removing thesesuperfluousdatapathsynchronisationsmustbeemployed.

Thisproblemis exacerbatedby thewaythatvariablesaresplit into Variablehandshakecom-

ponentsby thecompilationprocess.Thisprocessbreaksvariablesinto smallenoughpieces

thatall variablewritescanbesatisfiedby full-width writeson individual Variablecompon-

ents.For example,a 24b variabledeclaredas:variable v : array 3 of 8 bits

for which theassignments:v[0..1] := …andv[1..2] := …areperformedwill be

split into threeVariablecomponentsrepresentingeachof thethree8bportionsof thevariable.

Thosethreeportionsrepresentthe largestnon-overlappingsetof bitfields of v for which

atomicwrites(writing all bitsof abitfield)arepossible.Writing tosplit variablesrequiresthe

writtendatato similarly besplit usinga Split component.Split does,however, containa C-

elementto synchroniseacknowledgementsreturningon its outputchannels.ThisC-element

isunnecessaryfor similarreasonsto theredundancy of C-elementspresentin combiningvari-

ablereads.

5.2. New handshake components

CompiledBalsadescriptionsappearin Breezenetlistfilesascompositionsof handshakecom-

ponentsandnothingelse.For thisreason,it makessenseto attacktheproblemswhichBalsa

suffersfrom by thinkingof new handshakecomponents.Thecomponentsintroducedin this

sectionaredistinguishedfrom thosedescribedin chapter3by theiruseof specificationstring

parameters(apartfrom CaseandCaseFetchwhich areearlyexamplesof thesecomponent

types).Thespecificationstringsareusedto specifypartor all of thebehaviour of particular

instancesof thesecomponents.

TheBalsahandshakecomponentsetcaneasilybeextended.All thatisneededisadescription

of thenew componentsin boththetemplatelanguagedescribedin chapter4 andin LARD.
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The specificationstring processingnecessaryto make templateexpandingdecisionsis

providedby addinggatedefinitionsandexpressionfunctionsto thetemplatelanguage.

For example,theCasecomponentis currentlydefinedusingaone-hotdecodinggenericgate

calleddecode . A functioncalledcomplete- encoding? 1 is alsoused. Complete-

encoding? returnstruewhentheCasespecificationstringpassedto it specifiesanoutput

for every input encoding.This informationcanbeusedto conditionallyplacean ‘else’ac-

knowledgementpathin theCasecomponent’sexpansion.

5.2.1. PatchVariab le

Variablecomponentsin Balsahaveasinglewriteportandasmany readportsasarenecessary

to satisfyall of thepointsin a descriptionwhich readfrom thatvariable. Theproblemsof

forksandunnecessarysynchronisationsin readsdescribedin §5.1.5stemfrom thisorganisa-

tion. Newer versionsof Tangram[59] abandonvariablereadportsto remove thesevariable

readsynchronisations(adescriptionof analternative,gateleveloptimisationapproachto this

problemis givenby Peeters[58]). This is anacceptableapproachwheredatais bundledwith

control insteadof having data-validity encodedwith thedata. Herethecontrolpathfor the

variablereadportsis justaloopof wire fromrequesttoacknowledgewith anoptionto inserta

delayelementor increasethedriveonthedatawiresif timingconstraintsarenotmet. A Balsa

Variableimplementedthiswaylooksmuchlikethechannel-loadablelatchexampleshown in

figure1.4.

Futurework onBalsawill includerenewedinterestin theuseof DI codestoencodedata(see

§8.1. Thisbeingthecase,readportsareanimportantandintegralpartof variablecomponents

(or at leastthe generationof a dataencodedhandshake by requestof a transferreror pull

datapathcomponentisrequired).It isalsodesirabletokeepvariablereadsandwritestogether

to allow thestrictnetlistform of Breezedescriptionsto bepreserved.

What is proposedis a more generalVariablecomponentwith parameterisedwidth write

ports (with the multiplexing built into the variable)and parameterisedwidth readports.

Thereadportswould,additionally, beparameterisedto allow thepermuting,concatenation

1A questionmarkat theendof a procedurenamein Schemeidentifiesthatprocedureasa predicate(this is like the
‘p’ suffix usedin otherLisps). ThetemplatelanguagegenerallyfollowsSchemenaming/typingconventions.
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andsign-extensionof readdata(which may imply datarecodingfor DI codes)that would

otherwiseonly bepossiblewith Adapt,Mask,andCombinecomponents.Suchageneralised

Variablecomponent(namedPatchVariableafterits ‘patchbox’readandwrite ports)is shown

in figure5.4.

W: writeSpecification
R: readSpecification

variable

name

#readPortCount

writePortWidths[0]

write[]

#writePortCount

readPortWidths[0]

writePortWidths
[writePortCount−1]

[readPortCount−1]
readPortWidths

read[]

PatchVariab le  
( parameter width : cardinal;

parameter writePortCount: cardinal;

parameter readPortCount: cardinal;

parameter writeSpecification: string;

parameter readSpecification: string;

parameter writePortWidths: array writePortCountof cardinal;

parameter readPortWidths: array readPortCountof cardinal;

array i in 0 .. (writePortCount- 1) of passiveinput write : i bits;

array i in 0 .. (readPortCount- 1) of passiveoutput read: i bits )

Figure 5.4. Generalised variable handshake component – PatchVariable

Thebehaviour of thiscomponentis greatlyaffectedby its parameters,asis its port structure

(andsothebehaviour isomittedfrom thedescriptiongiven). Thewidth parameterspecifies

thetotalbitwisewidth of thesetof latcheswithin thevariable,thewritePortCount and

readPortCount parametersspecifythe numberof eachof thoseport types. The most

interestingparametersarethewriteSpecification andreadSpecification . The

sameform of encoding-specifyingspecificationstringsusedby theCasecomponentis used

to describethebitwisecombinationsof PatchVariablelatchbits usedto form reador write

port connections.Repeatedbitscouldbespecifiedby a bit numberandrepetitioncount(to

implementsign-extension,for instance).

In order to allow readand write portswith different widths,a new form of arrayedport

needsto bedefinedwhoseindividual port widthsaredeterminedby valuesin thespecifica-

tion strings. Thesenew arrayedportsusethe final two parameterswritePortWidths

and readPortWidths for their individual widths. This information is, strictly speak-

ing, redundantasthetwo mainspecificationstringsprovide theport widthsimplicitly. The

PortWidths parametersare,however, decipherablein Balsa(they arearraysof cardinals)

andso theheterogenous-width arrayedportscouldbemadeconsistentwith theBalsatype

systemusingthenew syntax:

Chapter 5. New Handshake Components 115



5.2. New handshake components

array namein rangeof . . .

ThePatchVariablecanbeusedto replacethoseVariablecomponentsbrokenupby bitfieldas-

signments(e.g.assignmentstoelementsof anarray or record typedvariable)orVariables

whosereadvaluesarefrequentlycombinedwith Combinein orderto make their usemore

efficient. At theextreme,all thevariablesin acircuit couldbereplacedbyasinglePatchVari-

ablealthough,in practice,only thecommoncasesof brokenandcombinedVariablesneedbe

combined.Considerthissimplebyteaddressableregisterexample:

procedure WordReg (
input byteSelect : 2 bits; -- byte to read/write
input byteWrite : byte;
input wordWrite : 32 bits;
output byteRead : byte;
output wordRead : 32 bits

) is local
variable reg : array 4 of byte

begin
loop

select byteSelect, byteWrite then
byteRead <- reg[byteSelect]; -- read then write
reg[byteSelect] := byteWrite

| wordWrite then
wordRead <- (reg as 32 bits); -- read then write
reg := (wordWrite as array 4 of byte)

end
end

end

Without PatchVariable,thisexamplewould beimplementedby four 8b Variableseachwith

two readports,onefor theindividualbytereadsandtheotherto becombinedinto thesingle

32b read. Eachvariablehasa multiplexer sourcedwrite port takingdatafrom thebyteand

word inputs. Theold implementationof WordReg is shown in figure5.5. Noticethat the

Casecomponentusedin this implementationalreadymakesuseof specificationstrings. A

pairof (interim)components,SplitEqualandCombineEqual(with thesamesymbolsasSplit

andCombinerespectively), arealsousedto reducethe componentcountby not requiring

individual8b × 8b ↔ 16b,16b × 8b ↔ 24b … CombineandSplit components.

Thesynchronisationsin theSplit/Combinepair requiredto form the32b wideportscouldbe

savedby usingPatchVariable.Thissaving would bemorepronouncedfor a bit addressable

registerwhere32 way SplitsandCombinesarerequired.Largeamountsof the ‘clutter’ in

handshake circuitsis therebyremovedby PatchVariable. Figure5.6shows thedataportion
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Figure 5.5. WordReg implementation using Variable components

of thesamecircuit (thecontrolportionis thesameasFigure5.5)with a PatchVariableused

to encapsulatemuchof thedetail (componentsparameterisedwith specificationstringsare

shown ascurvedboxesratherthanascircles).

Theeliminationof thebytewidemultiplexersin thenew implementationreducedmuchof the

write port complexity in thiscircuit. This is particularlyusefulasthemultiplexing decisions

for circuitswith complicatedvariablewritesarebestmadecentrally.

PatchVariableisnot theonly componentwhichcouldbenefitfrom specificationstringsto se-

lectbitstomultiplex orpresenttoports.PatchCallMux,PatchCallDemuxandPatchFalseVari-

ablecomponentsmayall bepotentiallyuseful.
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5.2.2. Contr olTree

Resynthesisof control treesin handshake circuits is a popularform of optimisation. The

Loop,Sequence,ConcurandFork componentscaneasilybe combinedin a singlecontrol

componentto make thecircuit partitioninginvolvedin this taskeasier(theport structureof

sucha componentis simplerif While,Bar andCasecomponentsareomitted). A new com-

ponent,ControlTree,with aspecificationstringdescribingasubsetof thehandshakenotation

describedin §3.4couldbeusedto parameterisethecomponent.ControlTree’ssymboland

port structureareshown in figure5.7.
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activateOut[]activate

0

#outputCount

control
Contr olTree  
( parameter outputCount: cardinal;

parameter specification: string;

passivesyncactivate;

array outputCountof activesyncactivateOut)

Figure 5.7. Generalised control tree handshake component – ControlTree

ControlTreeis notonly of usewhereresynthesisis used.SequenceandConcurcomponents

form themajorityof controltreesin Balsa. Both of thesecomponentsarebuilt from S-ele-

mentsto allow thegreatestindependencefor handshakesconnectedto theirpassiveports. It
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is only strictly necessaryto placetheS-elementsin a controltreeat thetree’s leaf channels.

Controltreescould,therefore,bereplacedby 2-phaseConcurandSequenceimplementations

(like thecheapFork andFetchcomponents)with S-elementhandshake componentson the

leaves(or ControlTreecouldbeusedfor moreflexibility).

TheCallcombinationof activationchannelstoaccesssharedresourcescouldalsobeincorpor-

atedintoControlTree.A Call consistsof adecision-wait structurein ordertohandleacknow-

ledgements(just likethecall elementdescribedin §2.3.1). Thisdecision-wait elementcould

beremovedwhereit sourcesacknowledgementsonlytoS-elements(e.g.theoutputactivations

of ConcurorSequencecomponents)orsingleinputsof C-elements(e.g.theoutputactivations

of Fork components)asboth of thesecomponentsaretolerantof spuriousackknowledge-

mentswhilst otherwiseidle. Encapsulatingthis reduced-Call in ControlTreemayallow the

extentof theisochronicforksformedby theforkedacknowledgmentto becontrolled.

5.2.3. PassiveConnect, Connect

Connectionnetworks connectingonly sync channelconnectionsfall into two categories:

thosewhichconnectonly theactiveportsof othercomponents(i.e.areall-passive)andthose

with bothactiveandpassiveport connections.ThePassivatoris thesimplestexampleof an

all-passiveinterconnectcomponent,but not theonly one. ConsiderthisBalsadescription:

select c then
continue

| d then
continue

end

A compiledformof thisdescriptioncontainsaDecisionWait to implementtheselect com-

mand,connectedto channelsc andd andsourcingrequeststo Continuecomponents(which

arenothingbut loopsof wire from requesttoacknowledgement).Despitethepresenceof the

Continuecomponents,this is a usefuldescription.It findsapplications,for example,where

tokensarepassedby datalesshandshakesanda decisionmustbe madebetweenmultiple

sourcesof tokens.

Unfortunately, thereis no currentsinglehandshake componentto implementthis select

structure.Wherec and d aresourcedfrom more than one place(e.g.from a command:

sync c; sync d; sync c ) or arepartof a multi-cast,otherconnectioncomponents
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will be connectedto the synchronisingcomponentsforming this select command. In

the sameway asCall’s within control treesmay be optimised(see§5.2.2), amalgamations

of synchronising/callcomponentsmay be combinedto betteradvantage.The centralised,

all-passive,synchronisation/callcomponentPassiveConnectis proposed.Its port structure

andsymbolareshown in figure5.8. A similarcomponentConnect(alsoshown in figure5.8,

not to beconfusedwith theTangramCON straightconnectorcomponent)is definedfor use

with syncchannelinterconnectwith sourcing(otherwiseirreducible)passive inputs. These

twocomponentscanreplaceall of thecomponents:Synch,Passivator,DecisionWait,Forkand

Call;eitheraloneor in theirvariouscombinations.
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array activePortCountof activesyncainp)

Figure 5.8. Generalised sync interconnect – PassiveConnect, Connect

Similargeneralisedconnectioncomponentscanbedefinedfor data-bearingcommunications.

Fourgroupsof portswouldbenecessaryonthesecomponents:passiveinputs,activeinputs,

passiveoutputsandactiveoutputs.Componentswith onlyactiveconnectionsarenotpossible,

neitherareBalsacomponentswith arrayedportswith noconnections.Data-bearingcompon-

entswith eithernoinputsor nooutputsaresimilarlyuseless(usually). Therequiredcombin-

ationsof componentswould includeall ninecombinationsof {passive inputs,active inputs,

bothsensesof inputs} × {passive outputs,active outputs,bothsensesof outputs}. These

componentswouldneedtheheterogenousarrayedportstructuresdescribedfor thePatchVari-

ablecomponent(§5.2.1). Thiscomplexity is probablysuggestiveof theinadvisabilityof ad-

optingthesecomponents.Futurework on datapathmanipulation(see§8.1) will includein-

vestigationsof thepartialseparationof dataandcontrol. Thismayincludethesimplification

of thehandshakingwithin datainterconnectcomponentsby usingtheConnectcomponentto
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controldataflow.

5.2.4. Encode

Therearemany examplesof caseswheretheCallMuxcomponentsleadingtovariablesorout-

putcommunicationsneedtoselectbetweenconstants.In thesecases,directimplementations

will resultin multiplexercellswith oneormoreinputstiedoff to0or1. Forexample,consider

this(rathercontrived)exampleof a2b complementoperation:

case v1 of -- v1, v2 are 2 b variables
0 then v2 := 3

| 1 then v2 := 2
| 2 then v2 := 1
| 3 then v2 := 0
end

Thehandshakecomponentimplementationof thisexampleisshown in figure5.10. Thefour

ConstantcomponentssourcingtheCallMux (via four transferrers)aremultiplexedbetween

to form thewrite port to v2 . Theequivalentflattenedmultiplexer organisationfor this im-

plementationis alsoshown in figure5.10. Thisarrangementis clearlya very inefficientway

of implementedthedesiredvalueencodingwheregatelevel optimisationacrosshandshake

componentsis undesirable.

Theactivationchannelsconnectedto thetransferrerssourcingtheCallMux effectively actas

asetof one-hotencodedinputselectsfor thesemultiplexers. Moreoptimalimplementations

can,therefore,beproducedby logicoptimisationof anexpressioninvolvingonly theseselect

inputs. ThecomponentEncode(figure5.9)is intendedto replacetheConstants,Fetchsand

CallMux in thisarrangementwith just suchanoptimisedimplementation.
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@
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Encode  
( parameter outputWidth : cardinal;

parameter inputCount: cardinal;

parameter specification: string;

array inputCountof passivesyncinp;

activeoutput out : outputWidth bits )

Figure 5.9. Encode handshake component

Encodeperformsthe reverseoperationto the Casecomponent.Casemapsan incoming

binarywordintoactivity ononeof asetof one-hotactiveoutputs(encodedonsyncchannels).
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Encodeis usedto mapone-hotencodedinputsbackinto binary. UsingEncode,thecase

commandexamplegiven above can be implementedwith one Casecomponentand one

Encodecomponent(asshownin figure5.11. A similararrangementcanbeusedtoimplement

any logical functionalbeitwith aone-hotencodedintermediate.
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Figure 5.11. 2b complement operation – using Encode

Encodespecificationstringsmustspecifythe input valueswhich mapto eachoutput. The

gatesfor theseencodingscanbe built usingthe samelogic optimisationusedto construct

Case.An encode gateaddedto thetemplatelanguageisall thatisneededtoexpressthisuse

of optimisation.Bothencode anddecode arehandledby theBalsaback-endby running

anexternallogic optimiser.

5.3. Chapter Summar y

This chapterhasintroduceda numberof new componentsfor usewith the Balsadesign

flow. Of thesecomponents,only Encodeis currentlygeneratedby balsa-c.The peephole
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optimisationpatternsfor theothercomponentshavenotyetbeenintegratedintobalsa-c.The

optimisedimplementationof theDMA controllerdescribedin thenext chapterhas,therefore,

hadthesecomponentsappliedby hand.

Theoptimisationsdescribedin thischapterdonotaddresstheremovalof transferrercompon-

entsor (for themost)part improvementsin datapathsynthesis.Thesetwo pointsarerelated

asapotentialform of optimisationof dataoperationsin handshakecircuitsis thetransforma-

tionof the‘pull expression’to ‘pushlvalue’structureformedby transferrersintoentirelypush

pipelines.Thisis consideredto befuturework (§8.1).
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Chapter 6. The AMULET3i DMA
Contr oller

Thischapterpresentsthedesignandimplementationof aDMA controllerusingBalsa.This

controlleris a mixedasynchronous/synchronousdesignbuilt for theAMULET3i macrocell

[32]. Thiscontrollerwasimplementedusinga combinationof Balsa,full-customlayoutand

handdesignedstandardcell logic. The Balsaportionswereimplementedwithout the new

componentsdetailedin thepreviouschapterandassuchit representsavalidationof theBalsa

designflow usingthenew back-endwith asubstantialdesignexample.

The DMA controller communicateswith the CPU, memory and peripheralsthrough

MARBLE asynchronousmacrocellbusinterfacestoallow themtobeintegratedintodifferent

versionsof theAMULET3i macrocell.

A second,fully asynchronous,DMA controlleris presentin thenext chapter.

6.1. Suitability of DMA contr oller s as Balsa
examples

A DMA controllerhasa numberof propertieswhich make it a suitableexampledesign.

Theseinclude:

Substantialsize

A multi-channelDMA controllercontainsbothaconsiderablenumberof configuration

registersandalsothemechanismrequiredto selectbetweentheseregisters.In addition,

theapparatusto dealwith incomingrequestsfrom multipleDMA requestsourcesis of

significantsize.

Autonomouscontrol

Onceprogrammed,the controller will perform autonomoustransferoperationswith

little or noexternalstimulus.Thespeedof thecontrollercanbemeasuredby theperiod

of thesetransferloopsandso the complexity of the testbenchrequiredto drive the

controllercanbekeptto aminimum.
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Registerbasedoperation

Thetransferperformingportionof thecontrollercanbeconstructedasasequentialloop

of registerread;transfer;registerupdateoperations.Building thecontrolthiswayusing

sharedregistersin preferenceto communicatingsub-controllersgives greaterscope

for optimisationswhich improve register accessefficiency and optimisationswhich

resynthesisesequentialcontrolthanamorehighly concurrentdesign.

Arbitration issues

Accessto theconfigurationregistersis possiblefrom boththeCPUandthecontroller’s

transferapparatus.Mutually exclusive, arbitratedaccessesto the register bank must

beprovidedby thecontroller. In boththeAMULET3i andfully asynchronouscontrol

descriptions,situationsaredescribedwherethe arbitrationfor the DMA registersand

arbitrationfor accessto thebuscanpotentiallyconspireto causedeadlock.Solutions

to theseproblemsaredescribedwhich involvethepartitionof thecontrollerinto (large)

parallel threadsof operation. Thesepartitioningsare good examplesof the useof

parallelismandchannelcommunicationsto solvefundamentaldesignissues.

6.2. The AMULET micr opr ocessor s

TheAMULET group’s main researcheffort to datehasbeenthedevelopmentof existence

proofsthat practicalmicroprocessorscanbe constructedusingasynchronousdesigntech-

niques.Threeprocessorshavesofarbeendeveloped.All threeweredesignedto executeun-

modifiedARM binariesonarchitecturesappropriateto theARM architectureandasynchron-

ousimplementation.Theseprocessorsare:

AMULET1 [56] – A test piecedemonstratingfeasibility of a full customasynchronous

processorimplementedwith Sutherland’s2-phasemicropipelinedmethodology. AMULET1

wasjust a microprocessorcoreon a singledie,presentinga 2-phaseasynchronousinterface

to off-chip I/O. AMULET1 hasbeenfabricatedon two differentsilicon processesrequiring

only maskscalingto work correctly.

AMULET2e [27] – An embeddablemicroprocessorwith on-boardmemory/cacheand
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peripheralspresentingaconventionallookingmicroprocessorbusinterfaceto off chipRAM

andperipherals.AMULET2e representsa move from a pureproof of approachto a usable

deviceandalsoamoveto 4-phasesignalling.TheAMULET2e die includesaprocessorcore

(theAMULET2), 4KB of memorywhichcanbeconfiguredaseitherfastRAM orasa64-way

associativecache,anoff-chip memoryinterfaceusinganon-chipdelayasa timing reference

andan8boff-chip I/O port. AMULET2ehasbeenfabricatedandanumberof demonstration

boardshavebeenconstructedusingthedevice.

AMULET3i [30] – A processor, RAM, peripheralshard macrocellheld togetherby an

asynchronousmacrocellinterconnectbus which also presentsa synchronousinterfaceto

on-chipsynchronousperipherals.AMULET3i is integratedinto theotherwisesynchronous

DRACOcommunicationsIC.

6.3. AMULET3i and DRACO
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Figure 6.1. The AMULET3i macrocell

TheAMULET3i macrocellformsthemaincurrentresearcheffort of theAMULET group.

The AMULET3i macrocellconsistsof a numberof componentsbuilt usinga variety of

tools and connectedtogetherby a macrocellbus and connectedto off-chip and on-chip
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synchronousbus interfaces.AMULET3i’ s first applicationwill be aspart of the DRACO

communicationsIC (shown in figure6.2). Thecomponentsof AMULET3i are:

AMULET3 –AMULET3 isa4-phasemicropipelinedimplementationof aprocessorcapable

of executingtheARM v4t instructionset[3]. Theprocessorconsistsof roughly50%(byarea)

of customdesigneddatapathand50%of standardcell logic. Thestandardcellsusedin this

andothercomponentsof thewholemacrocellweredesignedby ARM Ltd. to a proprietary

setof portabledesignrulesfor 0.35µm and0.25µm 3LM CMOSprocesses.In addition,a

largenumberof peculiarlyasynchronouscellsweredesignedby groupmembersto improve

theperformanceof controllerspresentin thedesign.Thisgroupof cellsconsistsmostlyof

symmetric,asymmetricandcomplex gateinput C-elementsandweredesignedto thesame

portabledesignrulesasthestock‘synchronous’cell library.

Thecustomdatapathwasdesignedto handlesinglerail datawith bundledcontrolanddelay

matchedbulk delays.Datadependentdelaysonly exist whereearlycompletionof iterative

instructions(e.g.multiplies)or forwardingof registerdatafrom the queuemechanism(a

registerforwardingmechanismnovel to AMULET3 in thearenaof asynchronousprocessors

[33]) reducestheexecutiontimeof instructions.Connectionsbetweenthestandardcellcontrol

andthedatapathprovidetheflow controlthroughthedatapath.

The controllersin the standardcell blocksweredesignedpartly by handandpartly using

petri-net synthesisusing the tool Petrify [19]. Petrify producesequationsdescribingthe

implementationof SI controllerswhich a skilled operatorcanthenmaponto the available

standardcells. A large proportionof the complex cells in the locally built cell library are

presentonly becausethey arerequiredto optimisecritical pathseithersynthesisedor hand

built controllers.Theuseof Petrifyhasaidedtheconstructionof correctcontrollers(which

have,never theless,beenhandoptimisedafterwards)andalsoservedasa verificationtools

for handdesignedcontrollerswith difficult to understandbehaviours.

The whole AMULET3 processorcoremacrocellconsistsof about100000 transistorsand

occupiesapproximately4 2mm of silicon or about20%of the whole AMULET3i macro-

cell area.

MARBLE – TheManchesterAsynchronousResearchBusfor Low Energy is a fully asyn-
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chronousmulti-initiatormacrocellinterconnectbususedtoconnecttheAMULET3 macrocell

to its memoryandperipherals.MARBLE consistsof singlerail buswiring andacentralised

controllerproviding arbitratedaccessto thebusandasinglepointof addressdecoding.

8KB RAM – TheRAM is connecteddirectlyto theprocessorcoreby two ‘local’ buses:one

for instructions,theotherfor data.Thesebusesarein turnconnectedto MARBLE througha

pairof bridges:oneinitiator bridgeto allow theprocessorto accessMARBLE andonetarget

bridgeto allow otherbusinitiatorson MARBLE (notablytheDMA controller)to accessthe

RAM. TheRAM is organisedas8 blocksof 1KB with independentpipelinedaccessto each

block. TheRAM is constructedfrom full customcells.

MARBLE/Synchr onousBus Bridge (MSB) – The MSB is a target interfaceconnected

to MARBLE which allows simplestrobedsynchronousperipheralsto be connectedto the

AMULET3i macrocell.Thisinterfaceisusedtoperformall transfersbetweentheAMULET3

andsynchronouscommunicationsperipheralsin DRACO.

DMA Controller – A 32 channelDMA controllerusedprimarily to transferdatabetween

peripherals,synchronousRAM andthe 8KB of on-macrocellRAM. The DMA controller

is connectedto MARBLE throughtwo interfaces:A target interfacethroughwhich thecon-

troller isprogrammedandaninitiator interfaceby whichthecontrollerperformsits transfers.

Transferscaneitherbeperformedfreerunning(suchasablock to blockmemorycopy) or be

initiatedby aDMA requestsignal. TheDMA requestsin DRACOall comefrom theaccom-

panying synchronousperipheralsandsothepartof thecontrollerwhich mapsincomingre-

queststo DMA channelsisaregulararrayof multiplexercellsfeedingintosynchronousstate

machines,onefor eachDMA channel.Theremainderof theDMA controllerismadeupof a

numberof full customregisterbankblockscontainingthecontrollerchannelstateandalarge

blockof standardcell logicsynthesisedfrom aBalsadescriptionwith afew dozenextracells

of handdesignedlogic.

Test Interface – The test interfaceis an 8b wide off-chip interfaceactingasa MARBLE

initiator to allow testdatato befedinto theprocessorfor productiontestinganddesignvalid-

ation.

16KB ROM – TheROM is 8b wide andis ‘mask programmable’.It is usedto bootstrap
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themacrocellandmaycontainaprogramspecificto theICsintendedapplication.TheROM

consistsof a MARBLE targetinterfaceanda few handdesignedgates(actuallytheresultof

optimisingPetrifyoutput)in standardcell alongwith acompilednon-self-timedROM block

constructedby aROM compilershippedwith theCMOSprocess.

Figure 6.2. DRACO communications IC (AMULET3i is the lower half of this IC)

TheAMULET3i macrocellwasconstructedusingamixtureof designapproachesandimple-

mentationstyleswith handdesignedandsynthesisedstandardcell, full customdatapathand

memoriesandcompiledregularblocks. Whenit is fabricatedit will beoneof thefirst asyn-

chronousmicroprocessorsimplementedfor commercialuse(theTangram-synthesised80C51

[31] is arguablythefirst). AMULET3i alsoexecutesthesameinstructionsetasthe,already

widespread,ARM microprocessorsandcouldbeusedasareplacementfor theseprocessorsin

Chapter 6. The AMULET3i DMA Controller 129



6.3. AMULET3i and DRACO

system-on-chipapplicationswhereits potentiallow powerandlow EMI propertieswouldbe

useful.

Both of theDMA controllerspresentedin theremainderof thischapteraresuitablefor use

with AMULET3 andMARBLE. Thehybridasynchronous/synchronouscontrollerisactually

embeddedwithin AMULET3i whereasthesimpler, fully asynchronous,controllerisprovided

for applicationswhereanAMULET3i-lik emacrocellis usedin a systemwith asynchronous

peripherals(perhapswith aMARBLE to asynchronousperipheralbridge).

6.4. The AMULET3i DMA contr oller

The AMULET3i DMA controller’s role is to transferdatabetweenmemories(both on the

AMULET3i macrocellandonthesynchronousperipheralbus)andthesynchronousperipher-

alspresentin acompleteSoC. Thesetransfersinvolveprocessingsynchronousrequestsfrom

peripheralsandinterfacingto MARBLE to performthosetransfers.Thesynchronousnature

of thearriving requestsandtheperipheralswould seemto suggestthat theDMA controller

shoulditself be synchronousand locatedon the synchronousbus. This wasnot possible,

however, dueto thesimple,strobednatureof thesynchronousbuswhich is only capableof

supportinga singlebus initiator. For both the AMULET3 andthe DMA controllerto per-

form accesseson thesynchronousbusin suchanarrangement,theMSB would berequired

to supportaccessesinitiatedon MARBLE from initiatorson thesynchronousbus. In order

to reducethecomplexity of theMSB, thisbehaviour is not supportedsorequiringtheDMA

controllerto beplaceddirectlyonMARBLE andmakingan(at leastpartially)asynchronous

implementationpossibleanddesirable.

In orderto performtransfersinitiatedby synchronousDMA requests,thecontrolleris com-

posedof a mixtureof asynchronousandsynchronousunitsboundtogetherby asynchronous

controlsynthesisedfrom thelanguageBalsa.Theuseof synthesisto implementthecontrol

portionsof thedesignallowedtheDMA controller’sstructureto berapidly re-engineeredin

responseto thechangingrequirementsof theproviderof thesynchronousperipherals.

Chapter 6. The AMULET3i DMA Controller 130



6.5. DMA controller requirements

6.5. DMA contr oller requirements

TheDMA controllerwasdesignedprimarilytotransferdatabetweenperipheralsandmemory

by initiating pairsof MARBLE read-then-writeoperationsbetweenpairsof units. Thereare

many complicatingfactors:

• Only a certainnumberof transfersshouldbe performedfor eachDMA ‘run’. Count

registersarerequiredto keeptrackof thenumberof completedtransfers.

• Memoryaccessesmustbeperformedon sequentialaddresses.Sourceanddestination

addressregistersare required to hold the addressesof peripheralsand memories.

Incrementersareneededto updateaddressregistersaftermemoryaccesses.

• A DMA client requestsignallingmechanismis necessaryto allow peripheralsto signal

their readinessto betransferredto/from.

• Toallow many peripheralstohaveoutstandingtransfers,anumberof entiresetsof count,

addressandcontrolregistersmustbekept,onefor eachDMA channel.

• A DMA requestto channelrequestmappingtableandassociatedmappinghardwareis

neededto mapperipheralsto DMA channels.

• To decidewhichof anumberof outstandingrequeststo servicefirst,apriority ordering

of requestsmustbeimplemented.Thisorderingcanbebasedon theorderof channel

numbersto whichrequestsmap.

• Eachchannelrequiresa numberof control bits to specify suchthings as the DMA

requestnumberfor this channel,whetherto incrementaddressesand decrementthe

countregistersfor eachtransfer, whetherthechannelis enabledor not.

• Freerunningandmemoryto memorytransferswithout DMA requestsignallingmust

alsobesupported.

• In DRACO, the peripheralsmay eachhave a setof addressesfrom which datamust

be transferredon eachrequest.To supportthis, a request‘chaining’ mechanismis

implementedrequiringextracontrolbitsfor eachchannel.

Thedesignof theDMA controllerwasinfluencedgreatlyby thestructureof theperipherals

outsidethe AMULET3i subsystem.The designersof theseperipheralsspecifiedthat the

DMA controllerwould berequiredto support16 DMA requestsignalsand32 channelsin
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order to accommodatethe convolutedseriesof chainedtransfersrequiredwhena number

of peripheralsarein use. Ordinarily, a DMA controllerwould have a moremodestnumber

of channels(typically 4 or 8) anda largernumberof requeststhanchannels.Theprovision

of asmany as32channelsresultsin a totalof 3648b of stateusing32b addressesandcount

valuesand18b control(theneedfor 18b of controlisexplainedlater). Thesestatebitswould

beheldin theDMA controller’sregisterfile.

To reducethesizeandnumberof registersrequiredto hold thecontrol,countandaddressin-

formation,thechannelsarepartitionedinto two types:longchannelswith full 32b addresses

andcountregistersandshortchannelswith 16bregisters.In addition,to reducethecomplex-

ity of therequestto channelmappinghardware,theshortchannelsarefurtherdivided into

headandchain-only channels.Theheadchannelsarecapableof receiving DMA requests

from peripheralsand so requirerequesthandlingandmappinghardware. The chain-only

channels,on the otherhand,canonly receive requestsassubsidiarytransfersin a chainof

transfersinitiatedby a heador longchannel.Theadditionof thesechanneltypedistinctions

doesaddto thecomplexity of theregisterbankcontrolin thecompletedcontroller, however.

After introducingthenew channeltypes,only 2240b statebitsarerequired.

6.6. The anatom y of a transf er

A transferbeginswith a DMA requestarriving ononeof theDMA requestsignalsshown at

thebottomof figure6.3. Therequestispresentedto thesynchronousperipheralinterface(the

SPI). TheSPIfiltersincomingrequests,mapsclient requestsontoDMA channelsandcleans

uprequestsignalsbeforeferryingthemonto thetransferengine.

The transferengineis the power-houseof the DMA controller. It receivesrequestsfrom

theSPIandinitiatestransfers.Wheninitiating a transfer, thetransferenginewill interrogate

theregisterbankcontrolfor channelregistervaluesto passonsequentiallyasreadandwrite

addressesto MARBLE usingtheinitiator interface.Theinitiator interfaceis shown in figure

6.3asan intermediatebetweenthe transferengineandtheMARBLE initiator interface. It

actsto ‘buffer’ requestsfor transfersallowing requestsfor subsequenttransfersto behandled

by theSPIandtransferenginein parallelwith thecurrenttransfer. Theinitiator interface’s
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operationandthemechanismusedto updateregisterbankregistersareexplainedin §6.8.

Performinga transferis a relatively simple operation. Unfortunately, thereare problems

(describedin §6.8) inherentin having theregisterbankasa sharedresourceaccessiblefrom

boththetargetinterfaceonMARBLE andthetransferengine.Theseproblemscomplicatethe

wayin which transfersonMARBLE andrequestsfor registerbankaccessareinterleaved.

6.7. Handling DMA requests – the SPI

In a completelyasynchronousenvironment,arbitersare neededto selectbetweenunsyn-

chronisedincomingrequests.In AMULET3i, however, theperipheralsaresynchronousand

soprovideclocksynchronisedDMA requests.Whererequestsarrivein suchasynchronised

manner, arbitrationis not only unnecessary, it is unwise. Thelikelihoodof anarbitersignal

becomingmetastableandsorequiringapossiblelengthy resolutionisincreasedif all theinput

signalsarepresentedwithin thesame,shortperiodof time. For thisreason,it wasdecidedto

implementtheSPIusingsynchronoustechniques.

TheSPIcontrolsthemappingof 16 incomingsynchronousperipheralrequestsontoDMA

controllerchannelsandthefiltering outof requestsfor disabledchannels.For thisreasonthe

channelenableandrequestnumberto channelnumbermappingsfor all channelsarestored

in theSPI. In addition,a globalfakerequestregisteris includedat thefront of theSPI. The

fake requestregisterallows theSPIto betestedby introducingsoftwaregeneratedrequests

at thefront of therequestto channelmappingblock. TheSPI’sregisterscanbeprogrammed

fromtheregisterbankcontrol(andsofromthetargetinterface)usingtheaddress/databundles

shown in figure6.3.

Eachincomingclient requestis processedby theSPIusinga smallstatemachine,onema-

chineperDMA channel.Thesestatemachinesallow incomingrequeststo belatchedandfor

theregisterbankcontrolto beableto setandresetrequests.Theregisterbankcontrolresets

transferrequestsin theSPIattheendof eachtransfer. Requestscanalsobesetby theregister

bankcontrolto allow freerunningtransfersto beenabledfor thatchannel.Thechannelstate

machinesactasmodulo-3saturatingcounterscountingrequests.Eachnew requestincrements

therequestcounterandeachrequestresetfrom theregisterbankcontroldecrementsthere-
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questscount. Keepingcountof outstandingrequestsallowsanew DMA requestto beissued

by a peripheralassoonasa previousrequesthasbegunto beactedupon. In thisway, a peri-

pheralwhich is readby aDMA transferneednotwait for thewholetransferto becompleted

beforerequestingasecondtransfer. A peripheralsourcingdatafor atransfercanusetheDMA

initiated readon itself asan implicit acknowledgementfor its DMA transferrequest.The

peripheralcanthenhappilysignala secondtransferto take place,therequestfor which the

SPIdulycounts.Thatsecondrequestwill notbeacknowledged(theDMA initiatedreadtake

place)until afterthefirst transferhasbeencompletedandsoonlyamaximumof 2outstanding

requestsneedbecountedon eachchannel,hencethemodulo-3 counterbehaviour. Theuse

of asynchronousSPIimplementationallowstherequestsignalto be‘synchronouslypulsed’

sogivinggreaterflexibility to thedesignerof peripheralsin thewaythattransferrequestsmay

begenerated.

The processedrequestsfrom the channelrequeststatemachinesarebundledtogetherand

presentedto the transferengineasa singleword. The transferengineselectsa channelon

which to perform a transferby applyingstaticprioritisationof channelrequestswith the

channelprioritiesbeingsetby the channelnumber;channel0 hasthe highestpriority and

channel21hasthelowestpriority.

6.8. Accessing the register s

Onreceiptof a DMA request,thetransferenginerequestsacopy of theregistercontentsfor

thatrequest’schannelfrom theregisterbankcontrol. After performingthetwo initiator bus

transactionsof the transfer, updatedcopiesof the channelregistervaluesareretiredto the

registerbank. Thiscontrolinteractioncanbeachievedin anumberof ways:

6.8.1. Single register bank access with loc king

Thetransferenginecouldlock theregisterbankwhile readingregistervalues.Theupdated

valuescouldthenbecalculatedbytheregisterbankcontrolandwrittenbackwhenthetransfer

enginefreesthelock. In thisway, theincrementersusedin registervalueupdatecanreside

in theregisterbankcontrolblock andsave on transferringthevaluebackfrom thetransfer
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engine.Thechannelstatusbits couldbeupdatedwhile incrementingregistervaluesasthe

transferwouldactuallyhavebeencompleted.

The register bank is locked during the entireperiod of the transfer. This meansthat the

transferengineneedsnolocalregisterstoholdthechannelregistervaluesastheregisterbank

readportscanretainthesevaluesduringthetransfer. Unfortunately, lockingtheregisterbank

preventsaccessto theregisterbankfrom thetargetinterfacewhile thetransferis takingplace.

If anotherinitiatingdevicehasclaimedthebustoaccesstheDMA controller’stargetinterface

andthetransferenginehasalreadylockedtheregisterbank,readregisterbankvaluesandis

preparingto readfrom thebususingits initiator interface,thenneitherthetransferenginenor

theotherinitiator devicecanproceedandsothesystembecomesdeadlocked.

Thistypeof busmanagementhazardcanoccuronsplit transferandatomictransferbuses.In

atomictransferbusesit canbefixedby thetransferengineclaimingthebus(without issuing

an address)beforelocking the registerbank. The two bus transactionswhich make up the

DMA transfercouldthenbecarriedoutwith buslockingenabledto preventanotherinitiator

attemptingto readthelockedDMA registerbank. In a split transfersystemtheaddressand

dataportionsof thebusmustbeclaimed(arbitratedfor) separatelysoit ispossiblefor aniniti-

atortohavealreadyissuedanaddressto theDMA registerbankcontrolandthenrelinquished

controlof theaddressportionof thebusbeforethetransferenginestartsits transfer. If the

transferenginethenlockstheregisterbankcontrolandclaimstheaddressportionof thebus

beforetheinitiatingdevicecanclaimthedataportionof thebusandcompleteits transaction,

thetransferenginemaybepreventedfrom thenclaimingthedataportionof thebusfor its

transactionandonceagain thesystemis deadlocked.

6.8.2. Two sequential register bank accesses

The transferenginecould make two passesat the registerbankandupdateregistervalues

itself performingthetransferbetweenthetwo registerbankaccesses.

Thisapproachsolvesthepossibilityof deadlockthatthesingleregisterbankaccessapproach

suffersfrom by decouplingthetransferenginefrom theregisterbankduringtheactualdata

transferoperation.Unfortunatelyit alsorequirestwo, completelysequenced,operationson
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theregisterbankfor eachtransfer.

6.8.3. Two accesses with parallel write-bac k

The registerbankcould updateregistervaluesandthe transferenginewould make only a

singlepassat theregisterbank. Thetransferitself canbeperformedafter transferringval-

uesfrom theregisterbankinto local registers.An indicationthata runof transfershasbeen

completed(to updatethestatusbits/signalinterrupts)couldbesentto theregisterbanksep-

arately.

This approachallows the secondof theseregister bank operationsrequiredby the split

registerbankaccess(the updatedregisterwrite-back)to be performedin parallelwith the

DMA transfer. Unfortunately, thisdecouplingof write-backsandtransfersrequiresaseparate

end-of-runsignalto indicatethatthefinal transferof a run hasbeencompleted.End-of-run

registerstatusandinterruptsignallingneedtobetriggeredby thissignalinsteadof theissuing

of thefinal transfersothatinterrupts(or polledresponsesto end-of-run)arenot raisedbefore

thefinal transferhasactuallybeencompleted.

6.8.4. The Initiator Interface

In the completeDMA controllerdesign,the transferenginehasa companionprocess:the

initiator interface.Theinitiator interfaceactuallyperformstheDMA transferoptionwith the

MARBLE initiator interfaceandalsosignalsend-of-transferto theregisterbankwhich will

ultimatelysignalaCPUinterruptif necessary. Figure6.3showstheconnectionsbetweenthe

transferengine,theinitiator interfaceandtheregisterbankcontrol.

Theinitiator interfaceallowstransferstobedecoupledfromrequestprocessingbythetransfer

engineallowing registerupdate,theDMA transferandtheprocessingof requestscanall be

performedin parallel.

6.9. Structure and implementation

Balsawasusedto describeand synthesisethe non-regular partsof the controller. Using

synthesisthiswayallowedthedesigntobere-engineeredasthecustomer’sdemandschanged
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with theminimumof designereffort andtime. Duringtheproductionof thecustomlayed-out

partsof the controller the specificationfor the DMA controllerchangedin major waysat

leasttwice. Eachchangerequiredlargesectionsof theBalsadescriptionto changewithout

incurringlongdelaysto rework circuitsby hand.

TheBalsaportionsof thecontrollerweresynthesisedinto standardcell layoutin four steps:

1. Balsa-cwasusedto generatehandshakecircuit netlists.

2. Handshake circuit netlistsweretranslatedinto gatelevel netlistsfor CompassDesign

Automationtoolsusingbalsa-netlist.

3. A smallamountof handoptimisationwasperformedonthosenetlists.Thiswasmostly

to makeupfor deficienciesin earlyversionsof balsa-netlist.

4. Netlistswerecompiledinto standardcell layoutusingCompass’s PathFinderstandard

cell placeandroutesoftware.

ThecompletedDMA controllerconsistsof four mainparts:theMARBLE businterfaces,the

SPI,a largeblock of automaticallyplacedandroutedstandardcellsanda numberof small

registerbanks.

6.9.1. Contr oller structure

Figure6.3shows the structureof theDMA controllerwith eachof the largeboxescorres-

pondingto a processin theBalsadescription.Themajorityof thecontrolcomplexity in the

DMA controlleris locatedin theregisterbankcontrol unit. Thisunit controlsaccessto the

DMA registers(mostof which arephysically locatedin theregisterbankblocks), performs

theaddress/countincrementoperationson DMA registersandhandlesinterruptsignalling.

Theregisterbankcontrolhandlesrequestsfor registeraccessfrom theCPU(via MARBLE)

andthe transferengineandalsohandlestheend-of-run indicationprofferedby the initiator

interfaceat theendof a transferrun. Mutually exclusiveaccessto theregisterbankcontrol

is providedby a3-wayarbitrationcodedaspartof theunit’sBalsadescription.

Thesynchronousperipheral interface, transferengineandinitiator interfaceactuallyprocess

clientrequestsandperformtransfersacrossMARBLE usingtheDMA controller’sMARBLE

initiator interface.
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Figure 6.3. DMA controller structure

6.9.2. MARBLE bus interfaces

TheMARBLE bus interfacesconsistmostlyof handcomposedbusdriver cellsandwires.

The control,addressanddatalatchesfor the interfacesarebuilt ascompiledstandardcell

blocks. EachMARBLE interfaceconsistsof approximately2000transistors.

6.9.3. The regular SPI bloc k

TheSPIconsistsof a block of 22 stripes(oneper requestcapablechannel)of bothcustom

andstandardcells. Eachstripecontains16 custommademultiplexer cellsmakingup that

channelsDMA requestselectionhardwareand5custommaderegistercellstostoretheenable

andDMA client requestto channelmappingstate.Theremainingstandardcellsimplement

theaddressdecodingfor theenable,requestnumberandrequestset/resetinterfacefrom the

registerbankcontrolandthechannelstatemachineitself.

TheSPIoccupiesaround15%of thetotalareaof theDMA controller.
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6.9.4. Standar d cell datapath and contr ol

Thestandardcell blockcontainsthedecodingandcontrolfor theregisterbanks,someof the

MARBLE interfacingglue,theSPItoplevelcontrol,theDMA requestprioritisationhardware

andall theotherBalsasynthesisedcontrolanddatapathshown in theregisterbankcontrol,

transferengineandinitiator interfaceblocksshown in figure6.3. Theregisterbankcontrol

andthetransferenginemakeupthelion’sshareof thestandardcell block.Thisdominatesthe

DMA controller, occupying nearly50%of its totalarea.

6.9.5. Register bloc ks

Theregisterbankblockscontainchannelcountandcontroldatatotalling around2000b (a

few of theregistercontrolbitsresidein theregisterbankcontrol). Theseregisterswerecon-

structedfrom custommaderegisteranddecodercellsin a similar mannerto theregisterfile

in theprocessorcore. Eachregisterbankblock correspondsto a particularchannelregister

typeandis indexedby channelnumber. Eachblock providesa singleread/writeinterfaceto

thestandardcell block,allowing all theregistersfor a singlechannelto bereador written in

oneoperation.DMA transferoperationsrequiretwo accessesto a channel’s registers:once

to readaddresses/countvaluesfor a channelanda secondtime to updatetheregisterswith

incrementedaddressandcountvalues.

6.10. Balsa contr ol description

Balsawasusedto implementtheregisterbankcontrol,transferengineandinitiator interface.

EachblockwasdescribedbyasingleBalsaprocesscommunicatingwith itsneighboursusing

handshakechannels.For example,themainloopin thetransferengineis:

loop
ChannelReq := {0, false} ||
CountEqZero := false;

-- Read DMA request vector
select PRR then

-- Priority encode, chan 0 has
-- highest priority
if PRR[0] then ChannelReq := {0, true}
else if PRR[1] then ChannelReq := {1, true}
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…

if ChannelReq.dotfr then
PerformTransfer ();
-- while we are asked to chain
while RegReadData.usechain

and RegReadData.genable then
ChannelReq := { RegReadData.nextchan, true};
PerformTransfer ()

end
end

end
end

The initialisationsof the variables‘ChannelReq ’ and ‘CountEqZero ’ can be seenin

the above example. They are followed by a select statementwithin which valueson

thechannel‘PRR’ (which carriesa vectorof DMA requestsfrom theSPI)arevisible. The

transferis performed(or rathercommunicatedto the initiator interface)by thesub-process

PerformTransfer . Thewhile loop is usedto performthetail transfersof a chainof

channels.It iseasyto seethatchainsarecomposedof ‘link edlists’of channelsfrom theway

thatthey areprocessed.

The initiator interfaceis thesimplestof theBalsablocksandsimply performstransferson

behalfof thetransferengine.Thecompletedefinitionof theinitiator interfaceis:

procedure DMA_II (
output II_Addr : MARBLEAddr;
input DI : IIData;
-- Interrupt interface
output EndOfRun : ChannelNo

) is local
variable RegReadData : IIData

begin
loop

DI -> RegReadData;
-- READ from Source Device
II_Addr <- {RegReadData.src, Read,

RegReadData.size};
-- WRITE to Destination Device
II_Addr <- {RegReadData.dst, Write,

RegReadData.size};
if RegReadData.endofrun then

EndOfRun <- RegReadData.channelno
end

end
end
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Thechannelinterfacethat theprocess(DMA_II ) presentsto otherprocessescanbeclearly

identifiedalongwith the locally definedvariableRegReadDataandthe loop of four oper-

ations.

6.11. Contr oller perf ormance

TheDMA controlleris requiredto performtransfersbetweenperipheralsandRAM on the

synchronoussideof the MARBLE/synchronousbus bridge. Most of the time, the DMA

controllerwill be the only unit communicatingwith the synchronousperipherals.It must,

therefore,be capableof issuingtransferrequestsfast enoughto saturatethe synchronous

busbridge.

Eachsynchronousbustransactiontakes3buscycles. Theclock for thisbridgeis anticipated

to runatbetween13.824MHz and55.296MHz. Eachbustransactionwill, asaconsequence,

takebetween54.3nsand217nsto complete.To performa completeDMA transfer, two bus

transactionsarerequiredandso the DMA controllermustbe capableof issuinga transfer

every108.6ns.

Simulation(with Avant!’sTimeMill) on a capacitance-extractedview of thefinal controller

hasshown that transferscanbe issuedevery 90ns. The implementedcontroller therefore

cyclesat therequiredrate.

TheDRACOchiphasbeenfabricatedandsampleshavebeenreceived(asof earlySeptember

2000)by AMULET group. Productiontestsshow thatall partsof theAMULET3i macrocell

function correctly, including the DMA controller (with the small exceptionof a timing

problemwith theAMULET3 processorcore’smultiplier). Timing figuresfor thefabricated

DMA controllerarenotyetavailable.

6.12. Chapter summar y

Thischapterhaspresenteda significantBalsaexampledescription,a DMA controller. The

AMULET3i DMA controllerisofferedasanexistenceproofof theuseof Balsato implement
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complex designs. A similar controller is describedin the next chapterto evaluatethe

effectivenessof thechangesmadeto theBalsacomponentsetdescribedin earlierchapters.

It shouldbepointedoutthatJantaraprim[40] hasdescribedanumberof waystoimplementthe

controlportionsof asynchronousDMA controllerssimilartotheonedescribedin thischapter.

This is nocoincidence,Balsareplacedhisearlyhand-designedcontrollersin orderto ensure

thattheproduct(AMULET3i) couldbedeliveredontime. Thedesignof theDMA controller

describedin thischapterremainswholly thework of theauthorof thisthesis.

ChatchaiJantaraprimwas,however, of greatassistancein modellingearly versionsof the

BalsaDMA controllerin LARD.
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Chapter 7. A Simplified DMA
Contr oller

Thischapterdescribesasimplifiedversionof theDMA controllerfrom thepreviouschapter.

This controlleris implementedusingthe ‘old’ versionof Balsaandagain with thechanges

describedin chapter5. As many of the advantagesof the componentsdescribedin that

chapteraffect the areaandgranularity(reducingthe numberof channels)of components,

greatincreasesin performancearenot expected.Instead,reducedcircuit complexity is to

be expectedby removing a portion of the small, ‘unnecessary’componentswhich tendto

dominatehandshake circuit implementations.A modestdecreasein circuit areais alsoto

beexpected.

Thefull Balsadescriptionfor thesimplifiedDMA controllercanbefoundin appendix2.

7.1. The simplified DMA contr oller

A simpler4 channelDMA controlleris presentedasa morepracticaldescriptionto usefor

exploring the effect of the new handshake componentson Balsacompilation. This DMA

controller is written entirely in Balsaandso canbe compiledfor any of the technologies

which theBalsaback-endsupports.

Thesimplifiedcontrollerprovides:

• 4 full addressrangechannelseachwith independentsource,destinationand count

registers.

• 8 clientDMA requestinputswith matchingacknowledgements.

• Peripheralto peripheral,memoryto memoryandperipheralto/from memorytransfers.

Eachchannelhasboth sourceand destinationclient requestsso ‘true’ peripheralto

peripheraltransferscanbeperformedby waitingfor requestsfrom bothparties.

Somefeaturespresentin the AMULET3i DMA controller are omitted from this simpler

controller. Theseinclude:
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• Synchronousrequesthandlingwith prioritisation.Requestsarearbitratedin asynchron-

ousfashionratherthanbeingsampled.

• Byte andhalfword (16b) transfers.Only word wide transfersaresupported,transfer

countregisterscountthenumberof word transfersto perform.

• Thethreedifferentchanneltypes.

• The secondinterrupt request.The AMULET3i DMA controller supportssignalling

of eitherof the two interruptswhich the ARM architecturesupports(IRQ/FIQ). The

simplifiedDMA controlleronly hasasingleinterruptline – IRQ.

• Chainingof channelrequests.This featurewassupportedby the AMULET3i DMA

controllerspecificallyto supportthedumbperipheralspresentin DRACO.

• The ‘initiator interface’which allows requesthandlingand transferinitiation to be

overlappedby thetransferengine.
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Figure 7.1. Simplified DMA controller programmer’s model

Figure 7.1 shows the programmer’s view of the controller’s register memorymap. The

registerbankis split into two parts:thechannelregistersandtheglobalregisters.

7.1.1. Global register s
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Theglobalregisterscontaincontrolstatepertainingto thestateof currentlyactive channels

andof interruptssignalledby theterminationof transferruns. Thereare4 globalregisters:

genCtrl: Generalcontrol

In this controller, the generalcontrol registeronly containsonebit: the global enable

– gEnable.The global enableis the only controllerbit resetat power-up. All other

controller statebits must be initialised beforegEnableis set. Using a global enable

bit in this way allows the initialisation part of the Balsadescriptionto remainsmall

andcheap.

chanStatus:Channelend-of-run status

ThechanStatusregistercontains4 bits,oneperDMA channel.Whensetby theDMA

controller, a bit in thisregisterindicatesthatthecorrespondingchannelhascometo the

endof its runof transfers.

IRQMask, IRQReq: Interrupt maskand status

The IRQMask register containsone bit per channel(like chanStatus)with set bits

specifyingthataninterruptshouldberaisedat theendof a transferrunof thatchannel

(when the correspondingchanStatusbit becomesset). IRQReqcontainsthe current

interruptstatusfor eachchannel.

Thechannelstatus,IRQmaskandIRQmaskbitsarekeptin globalregistersin ordertoreduce

thenumberof DMA registerreadswhich mustbeperformedby theCPUafterreceiving an

interruptin orderto determinewhichchannelto service.

7.1.2. Channel register s

Eachchannelhas4 registersassociatedwith it in the sameway asthe AMULET3i DMA

controller. The two addressregisters(channel[n].src and channel[n].dst) specify the 32 b

sourceanddestinationaddressesfor transfers.Thecountregister(channel[n].count)isa32b

countof remainingtransfersto perform,transferrunsterminatewhenthe countregister is

decrementedto zero. Thectrl register(channel[n].ctrl) specifiestheupdatesto beperformed

on theotherthreeregistersandtheclientsto which thischannelis connected.Writing to the

controlregisterhastheeffectof clearinginterruptsandend-of-runindicationonthatchannel.

Thectrl registercontains8 fields:
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enable:Transfer enable

If theenablebit is set,thischannelshouldbeconsideredfor transferswhenanew DMA

requestarrives. Channelenablesarenot clearedonpower-up. ThegenCtrl.gEnablebit

canbeusedtopreventtransfersfrom occurringwhilst thechannelenablebitsarecleared

duringstartup.

srcInc, dstInc, countDec:Incr ement/decrementcontrol

Thesebitsareusedtoenablesource,destinationandcountregisterupdateafteratransfer.

Sourceanddestinationregistersareincrementedby 4 aftertransfersif srcIncanddstInc

(respectively)areset. Notethatthebottom2 bitsof theseaddressesarepreserved. The

countregisterisdecrementedby1aftereachtransferif countDecisset. Resettingeither

srcInc or dstInc resultsin the correspondingaddressremainingunchangedbetween

transfers.This is useful for nominatingperipheral(rather than memory)addresses.

ResettingcountDecresultsin ‘free-running’transfers.

srcDRQ,dstDRQ: Initial DMA requests

Transferscantakeplaceonachannelwhenapairof DMA requestshavebeenreceived,

onefor thesourceclient andtheotherfor thedestinationclient (the requests-pending

registers).ThesrcDRQanddstDRQbitsspecifytheinitial statesfor thosetwo requests.

Settingboth of thesebits indicatesthat the sourceand destinationrequestsshould

beconsideredto have alreadyarrived. Resettingoneor both of thebits specifiesthat

requestsfrom the corresponding{src,dst}ClientNonumberedclient shouldtrigger a

transfer(bothclient requestsarerequiredwhenbothcontrolbitsarereset).

srcClientNo,dstClientNo: Client to channelmapping

Thesefields specify the client numbersfrom which this channelreceivessourceand

destinationDMA requests.Thesefieldsareonlyof usewheneithersrcDRQor dstDRQ

(or both)arereset.

7.1.3. DMA contr oller structure

Thestructureof thesimplifiedDMA controlleris shown in figure7.2ThesimplifiedDMA

controlleris composedof 5units:
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Figure 7.2. Simplified DMA controller structure

MARBLE target interface

The MARBLE target interface provides a connectionto MARBLE through which the

controllercanbeprogrammed.Accessesto theregistersfrom this interfacearearbitratedin

with incomingDMA requestsandtransferacknowledgementsfrom thetransferengine.This

arbitrationandthedecouplingof transferenginefrom controlunit allow thisDMA controller

to avoid thepotentialbusaccessdeadlocksituationsdescribedin §6.8.

TheMARBLE interfaceusedherecarriesan8b address(8b wordaddress,10b byteaddress)

like that of the AMULET3i DMA controller. This allows the sameaddressmappingof

channelregistersandthepossibilityof havingextendedthenumberof channelsto32without

changingtheglobalregisteraddresses.

MARBLE initiator interface

Theinitiator interfaceisusedby theDMA controllertoperformits transfers.Aswith thefull

AMULET3i DMA controller,only theaddressandcontrolbitsto thisinterfaceareconnected

to theBalsasynthesisedcontrollerhardware. Thedatato andfrom theinitiator interfaceis
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handledby a latch (shown asthe shadedbox in figure 7.2). Only word-widetransfersare

supportedandsothislatchisall thatisneededto holddatavaluesbetweenthereadandwrite

bustransactionsof a transfer.

Contr ol unit

Thecontrolunit performstheoperationsof theregisterbankcontrolandtheSPIof theAM-

ULET3i controllerby receiving DMA requestsasarbitratedcontrolcommandsin thesame

mannerasrequestsfor registeraccessesfrom the CPU. EachDMA channelhasa pair of

registerbits,therequests-pendingbits,whichrecodethearrival of requestsfor thatchannel’s

sourceanddestinationclients. After marking-up an incomingrequest,the control unit ex-

aminestherequests-pendingregistersof eachchannelin turn to find a channelon which to

performa transfer. If a transferis to beperformed,theregistercontentsfor thatchannelare

forwardedto thetransferengineandtheregistercontentsareupdatedto reflecttheincremen-

tedaddressesanddecrementedcount. DMA requestsareacknowledgedstraightawaywhen

no transferenginecommandis issuedor just after thecommandis issuedwherea transfer

commandis issuedto thetransferengine.Theacknowledgementof DMA requestsdoesnot

guaranteethetimelycompletionof therelatedtransfer,peripheralsmustobservebusaccesses

madeto themselvesfor this purpose.Theacknowledgementservesonly to confirm the re-

ceiptof theDMA transferrequest.A requestmustberemovedafteranacknowledgementis

signalledsothatotherrequestscanbereceivedthroughtherequestarbitrationtreeto mark-

uppotentialtransfersfor otherchannels.

Transf er engine

Thetransferenginereceivesits activatingstimuli from thecontrolunit. Thisdiffersfrom the

AMULET3i controllerwherethetransferenginereceiveschannelrequestsanditself initiates

arequestto thecontrolunit for channelregistervalues.Thiscontroller’stransferenginetakes

commandsfromthecontrolunitwhenaDMA transferisduetobeperformedandperformsno

DMA requestmappingor filteringof itsown. Theonly reasonfor having thetransferengine

in thisdesignis topreventthepotentialbusdeadlocksituationif anaccessto theregisterbank

is madeacrossMARBLE while theDMA controlleris trying to performa transfer. In this

situationcontrolof thebusbelongstotheinitiator (usuallytheCPU)tryingtoaccesstheDMA
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controller. This initiator cannotproceedastheDMA controlleris engagedin trying to gain

thebusfor itself. With a transferengine,andthedecouplingof DMA request/CPUaccess

from transferoperations,thecontrolunit is freeto fulfil theinitiator’sregisterrequestwhile

thetransferengineis waitingfor thebusto becomeavailable.

After performinga transfer, the transferenginewill signalto the control unit to provide a

new transfercommand,it doesthis by a handshake on the transferacknowledgechannel

(marked TEAck in the figure). This channelpassesthroughthe control unit’s command

arbitrationhardwareandservesto inform thecontrolunit thatthetransferengineis freeand

thattherequest-pendingregistercanbepolledtofind thenext suitabletransfercandidate.The

acknowledgementnot only providestheself-loopingactivationrequiredto performmemory

tomemorytransfersbut alsoallowstheloopingrequiredtoservicerequestsfor othertypesof

transferwhicharereceivedduringtheperiodwhenthetransferenginewasbusy.

A flag register, TEBusy , held in thecontrolunit is usedto recordthestatusof the transfer

enginesothatcommandsarenot issuedto it while a transferis in progress.Thisflag is set

eachtimeatransfercommandis issuedto thetransferengineandclearedeachtimeatransfer

acknowledgementis received by the control unit. The request-pendingregistersare not

re-examined(anda transfercommandissued)if theTEBusy is set.

Arbiter tree

The DMA controllerreceivesDMA requestson an arrayof 8 syncchannelsconnectedto

the input of the ARBITER unit shown in figure 7.2. This arbiterunit is a treeof 2-way

arbitercells which combinesthese8 inputsinto a single ‘DMA requestnumber’which it

providesto thecontrolunit. DMA requestsareacknowledgedassoonasthecontrolunit has

recordedthem. Only thesuccessfultransferof databetweenperipheralsshouldbeusedasan

indicationof theactualcompletionof aDMA operation.Whenatransferisbegun(i.e.passed

from controlunit to transferengine),that transfer’s channelregistersandrequests-pending

registersareupdatedbeforeanotherarbitratedaccessto the control unit is accepted.As a

consequence,anew requestonachannelcanarrive(andbecorrectlyobserved)assoonasany

transfer-relatedbusactivity occursfor thattransfer.
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7.2. The Balsa description

The Balsadescriptionof the DMA controller is composedof 3 parts:the arbiter tree,the

control unit and the transferengine. The two MARBLE interfacessit outsidethe Balsa

blockandarecontrolledthroughthetarget{command,response}(mta andmtd ) andinitiator

address/control(mia ) portsattachedto the Balsadescription.The top level of the DMA

controlleris:

procedure DMAArb is ArbFunnel over NoOfClients

procedure dma (
input mta : MARBLE8bACommand;
output mtd : MARBLEResponse;
output mia : MARBLECommandNoData;
output irq : bit;
array NoOfClients of sync drq

) is local
channel DRQClientNo : ClientNo
channel TECommand: array 2 of Word
sync TEAck

begin
DMAArb (drq, DRQClientNo) ||
DMAControl (mta, mtd, DRQClientNo, TECommand, TEAck,

IRQ) ||
DMATransferEngine (TECommand, TEAck, mia)

end

Interruptsaresignalledby writing a0 or 1to theirq port. Thisinterruptvaluemustthenbe

caughtby anexternallatchto generateabareinterruptsignal.

7.2.1. Arbiter tree

DMA requestsfrom theclient peripheralsarrive on thesyncchannelsdrq , thesechannels

connectto therequestarbiterDMAArb. Theproceduredeclarationfor DMAArb is givenin

thetoplevel asaparameterisedversionof theprocedureArbFunnel .

ArbFunnel isaparamaterisabletreecomposedof twoelements:ArbHead andArbTree .

Pairs of incomingsync requestsare arbitratedand combinedinto single bit decisionsby

ArbHead elements.Thesesinglebit channelsarethenarbitratedbetweenby ArbTree

elements.An ArbTree takesa numberof decisionbits from eachof a numberof inputs

(onthei ports)andproducesarankof 2-inputarbitersto reducetheproblemtohalf asmany
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o

Figure 7.3. 8-input arbiter – ArbFunnel

inputseachwith 1 extra decisionbit. Recursive calls to ArbTree reducethe numberof

inputchannelstoone(whosefinaldecisionvalueis returnedonporto). Figure7.3showsthis

organisationfor an8-inputArbFunnel . TheBalsaimplementationof thesethreefunctions

is largely uninterestingand the new componentsdescribedin chapter5 have no effect on

theirorganisation.

7.2.2. Transf er engine

Thetransferenginein thiscontrollerhasrelatively little to do. Its Balsacodeis:

procedure DMATransferEngine (
input command : array 2 of Word;
sync ack;
output busCommand : MARBLECommandNoData

) is local
variable commandV : array 2 of Word

begin
loop

command -> commandV;
busCommand <- {commandV[0],read,word};
busCommand <- {commandV[1],write,word};
sync ack

end
end

The transferengineis, like the arbiter unit, quite simple. It exists only asa buffer stage

betweenthecontrolunit andMARBLE initiator interface. This function is reflectedin the

sequencingin theBalsadescriptionandthelatchesusedto storetheoutgoingaddresses.
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7.2.3. Contr ol unit

Thebulk of thecontrolleris containedin thecontrolunit. Unlike theregisterbankcontrol

in theAMULET3i DMA controller, thiscontrolunit actuallycontainsall thechannelregister

latchbitsandregisteraccessmultiplexers/demultiplexers. Thereducednumberof channels

and single channeltype makes this arrangementpractical. There are in total 445b of

programmeraccessiblestatebits. Theports,localvariablesandlocalchannelsof thecontrol

unit’sBalsadescriptionare:

procedure DMAControl (
input busCommand : MARBLE8bACommand;
output busResponse : MARBLEResponse;

input DRQ : ClientNo;

output TECommand: array 2 of Word;
sync TEAck;

output IRQ : bit
) is local
-- combined channel registers
variable channelRegisters :

array NoOfChannels of ChannelRegister
variable channelR, channelW : ChannelRegister

array over ChannelRegType of bit
variable channelNo : ChannelNo
variable clientNo : ClientNo

variable TEBusy : bit

variable gEnable : bit
variable chanStatus : array NoOfChannels of bit
variable IRQMask, IRQReq : array NoOfChannels of bit

variable requestPending :
array NoOfChannels of RequestPair

channel commandSourceC : DMACommandSource
channel busCommandC : MARBLE8bACommand
channel DRQC: ClientNo
variable commandSource : DMACommandSource
. . .

TheChannelRegister is thecombinedsource,destination,countandcontrol registers

for onechannel.ThevariablechannelRegisters isaccessedbyreadingor writing these

full 108b wideregisters(32 + 32 + 32 + 12). Thetwo registers,channelR andchannelW ,
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areusedasreadand write buffers to the channelregisters. This allows the partial writes

requiredfor CPUaccessto individual 32b wordsto fragmentonly thesetwo registers,not

all of the channelregisters. The variableschannelNo andclientNo areusedto hold

channelandclient numbersbetweenoperations.DMA requestarrival andrequestmark-up

can modify clientNo and channelregister accessesand ready-to-transferpolling can

modify channelNo .

The threechanneldeclarationsareusedto communicatebetweena sub-procedureof DMA-

Control , RequestHandler , which arbitratesrequestsfrom thearbitertree,MARBLE

target interface and transfer engine acknowledge for service by the control unit. Re-

questHandler ’sdescriptionis fairly uninterestingandsowill notbediscussed.

Thebodyof thecontrolunit,with thelessinterestingportionsremoved,is asfollows:

begin
Init ();
-- RequestHandler is an ArbFunnel
-- with accompanying data
RequestHandler (busCommand, DRQ, TEAck, commandSourceC,

busCommandC, DRQC) ||
loop
-- find source of service requests
commandSourceC -> commandSource;
case commandSource of

DRQ then DRQC-> clientNo; MarkUpClientRequest ()
| bus then

select busCommandC then
if (busCommandC.a as RegAddrType).globalNchannel
then . . . -- global R/W from the CPU
else -- channel regs

channelNo :=
(busCommandC.a as ChannelRegAddr).channelNo;

ReadChannelRegisters ();
case busCommandC.rNw of

. . . -- most of CPU reg. access code omitted
-- CPU ctrl register write
| ctrl then channelW.ctrl :=

(busCommandC.d as ControlRegister) ||
requestsPending[channelNo] := {0,0} ||
ClearChanStatus ()

end;
WriteChannelRegisters ()

end
end

end
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else -- TEAck
TEBusy := 0;
if gEnable then AssessInterrupts () end

end;
if gEnable and not TEBusy then

TryToIssueTransfer ()
end

end
end

A numberof procedurecallsaremadeby thecontrolunit body(e.g.AssessInterrupts

() ). Theseprocedurecallsareto sharedprocedureswhosedefinitionsfollow thelocalvari-

ablesin DMAControl ’s description.In Balsa,local procedureswhich aredeclaredto be

‘shared’areonly instantiatedin the containingprocedure’s handshake circuit in oneplace.

(normalprocedurecallsplacea new copy of that procedure’s body for eachcall). Calls to

sharedproceduresarecombinedusinga Call componentmakingtheir usecheaperthannor-

mal proceduresfor whom a new copy of thecalledprocedure’s body is placedat eachcall

location.

DMA request handling – MarkUpClientRequest

Incoming DMA requestsare marked up in the requestpendingregistersas previously

described.The procedureMarkUpClientRequest performsthis operationby testing

all thechannels’srcClientNoanddstClientNocontrolbitswith clientNo(theclient ID of the

incomingrequest)in parallel. MarkUpClientRequests descriptionis:

shared MarkUpClientRequest is
begin

for || i in 0..NoOfChannels-1 then
if channelRegisters[i].ctrl.srcClientNo = clientNo

then requestsPending[i].src := 1
end ||
if channelRegisters[i].ctrl.dstClientNo = clientNo

then requestsPending[i].dst := 1
end

end
end

Thefor || loopsin thisdescriptionperformsparallelstructuralinstantiationof NoOfChan-

nelscopiesof thebodyif statements.

Register access – ReadChannelRegister s, WriteChannelRegister s
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Thesharedproceduresusedtoaccessthechannelregistersareveryshort.They maketheonly

variable-indexedaccessesto thechannelregisters.Thetwo proceduresare:

shared ReadChannelRegisters is begin
channelR := channelRegisters[channelNo]

end

shared WriteChannelRegisters is begin
channelRegisters[channelNo] := channelW

end

Noticethatno individual word write enablesarepresentandsoin orderto modify a single

word,a wholechannelregistermustberead,modified,thenwrittenback. TheReadChan-

nelRegisters followedbychannelW := channelR in thedescriptionof theCPU’s

accessto thechannelregistersusesthisupdatemethod.

Channel status and interrupts – ClearChanStatus, AssessInterrupts

Theinterruptoutputbit isassertedby AssessInterrupts . Interruptsaresignalledwhen

theIRQReqregisteris non-zeroandarereassessedeachtimeanactionwhichcouldclearan

interruptoccurs.ClearChanStatus is calledduringchannelcontrolregisterupdatesto

clearinterruptsandchannelstatus(end-of-run)indications.Theirdescriptionsare:

shared AssessInterrupts is begin
IRQ <- (IRQReq as NoOfChannels bits) /= 0

end

shared ClearChanStatus is begin
chanStatus[channelNo] := 0 ||
IRQReq[channelNo] := 0;
AssessInterrupts ()

end

Ready-to-transf er polling – TryToIssueT ransf er, IssueTransf er

Whenever theDMA controlleris stimulatedby its commandinterfaces,it triesto performa

transfer. Therequest-pending,andctrl.enablebits for eachchannelareexaminedin turn to

determineif thatchannelis readyto transfer. Incrementingthechannelnumberduringthis

searchis performedusinga local channelto allow the incrementedvalueto beaccessedin

parallelfrom two places.TryToIssueTransfer ’sBalsadescriptionis:

shared TryToIssueTransfer is local
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variable foundChannel : bit
variable newChannelNo : ChannelNo

begin
foundChannel := 0 || channelNo := 0;

while not foundChannel then
-- source and destination requests arrived?
if requestsPending[channelNo] = {1,1}

and channelRegisters[channelNo].ctrl.enable then
ReadChannelRegisters ();
requestsPending[channelNo] :=

channelR.ctrl.srcDRQ, channelR.ctrl.dstDRQ ||
foundChannel := 1 ||
IssueTransfer () ||
UpdateRegistersAfterTransfer ()

else
local

channel incChanNo : array ChannelNoLen + 1 of bit
begin

incChanNo <- (channelNo + 1 as
array ChannelNoLen + 1 of bit) ||

select incChanNo then
foundChannel := incChanNo[ChannelNoLen] ||
newChannelNo := (incChanNo[0..ChannelNoLen-1]

as ChannelNo)
end;
channelNo := newChannelNo

end
end

end
end

Noticethat if a transferis taken,therequestPending bits for thatchannelarere-initial-

ised from the ctrl.{srcDRQ,dstDRQ}control bits for that channel.The procedureIssu -

eTransfer actuallypassesthetransferon to thetransferengine.Its definitionis:

shared IssueTransfer is begin
TEBusy := 1 ||
TECommand<- {channelR.src, channelR.dst}

end

The interlock formed by checkingTEBusy before attemptinga transfer, and the set-

ting/resettingof TEBusY by transferinitiation/completionensuresthatnotransferispresen-

tedtothetransferengine(deadlockingthecontrolunit)while it isoccupied.TheTEAck com-

municationbackto thecontrolunit alsoprovidesstimuli for re-triggeringtheDMA control-

ler to performoutstandingrequests.Thisre-triggering,combinedwith thesequentialpolling

of channels,allowsoutstandingrequests(receivedwhile thetransferenginewasbusy)to be
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correctlyserviced.Notice that a staticprioritisationon pre-arrived requestsis enforcedby

sequentialchannelpolling.

Register increment/decrement – UpdateRegister sAfterT ransf er

After a transferhasbeenissued,the registersfor that transfer’s channelmustbe updated.

This is performed by the procedureUpdateRegistersAfterTransfer whose

descriptionis:

shared UpdateRegistersAfterTransfer is begin
channelW.ctrl := channelR.ctrl ||
if channelR.ctrl.srcInc then

channelW.src := (channelR.src + 1 as Word)
end ||
if channelR.ctrl.dstInc then

channelW.dst := (channelR.dst + 1 as Word)
end ||
if channelR.ctrl.countDec then

channelW.count := (channelR.count - 1 as Word)
end;
if channelW.count = 0 then

chanStatus[channelNo] := 1 ||
if IRQMask[channelNo] then

IRQReq[channelNo] := 1
end ||
channelW.ctrl.enable := 0

end;
WriteChannelRegisters ()

end

Thisprocedureusestwo incrementersanda decrementerto modify thechannel’ssourcead-

dress,destinationaddressandcountrespectively. If thechannel’stransfercountisdecremen-

tedtozero,thechanStatus bit, interruptstatusandchannelenableareall updatedto indic-

ateanend-of-run.

7.3. An implementation

Presentingthe DMA controllerdescriptionto balsa-c producesa handshake circuit imple-

mentation.Thishandshakecircuitconsistsof 485handshakecomponents,connectedtogether

with 688handshakechannels.Theutility breeze-costcanbeusedto estimatetheareaoccu-

piedby eachhandshakecircuit in adesign1. Theunitsreturnedby breeze-costarelinearµms

of standardcellsonanold 1µm,2LM CMOSprocess.Thetotalcostof thisDMA controller
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is 83030.25units.Theprecisionof thisvalueis relatedto theexactcell sizesusedby breeze-

cost,not theaccuracy of breeze-costestimation.Thecellsin thisold cell libraryhavea45µm

pitch, adding50%extra routingspace(which is typically requiredin 2LM processes),the

DMA controller’sareawould beapproximately5.5 2mm (or 0.67 2mm afterlinearscalingto

0.35µm).

Thedistribution of handshake componentareasfor this designis shown in figure7.4. The

graphshows thetotal areasof componentsin groupsspanning1000breeze-costunits. This

showsthedistributionof smallandlargecomponentswithin thedesign.Table7.1showsthe

frequenciesof componentswithin thesegroups. Notice that 469 (96%of the total) of the

componentsliesin thearearange[0, 999]. Of thesesmallcomponents,291(60%of thetotal

numberof components)arerecordedashaving 0 area(i.e.consistonly of wires).

Area
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20000

Componentarea(breeze-costunits)

Figure 7.4. Simplified DMA controller component areas

Area range Frequency

[0, 999] 469

[1000,1999] 2

[2000,2999] 8

[3000,3999] 3

[8000,8999] 1

[11000,11999] 2

Table 7.1. Simplified DMA controller component frequencies

1Thetool breeze-costwasnot mentionedin chapter4 asit waspartof theoriginal Balsadesignflow describedin
[6].
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It is obviousthatthe0-areacomponents(andto a lesserdegree,thesmallcomponents)adda

considerableamountof complexity to thisdesignsimplementation(in termsof unnecessary

netlistdetail)without eachmakinga significantcontribution to theareaof thecircuit. The

aimof theoptimisationsis to reducethisdominanceandincreasethesizeof components.

7.3.1. Optimisation oppor tunities

The registeraccessesandflag bit updatespresentin this DMA controllerareamenableto

optimisationusingthenew componentsfromchapter5. Forexample,thechannelW register

is writtenfrom anumberof places:

1. channelW.ctrl := channelR.ctrl ||

2. channelW.src := (channelR.src + 1 as Word)

3. channelW.dst := (channelR.dst + 1 as Word)

4. channelW.count := (channelR.count - 1 as Word)

5. channelW.ctrl.enable := 0

6. channelW := channelR

7. channelW.src := busCommandC.d

8. channelW.dst := busCommandC.d

9. channelW.count := busCommandC.d

10. channelW.ctrl := (busCommandC.d as ControlRegister) ||

Theseassignmentscomefrom differentplacesandaddressdifferentsizedportionsof chan -

nelW . Thewrite port structureof channelW will, thereforeconsistof a numberof multi-

plexers(CallMuxs)andbroken-upvariableslike theexamplegivenin §5.2.1. Oncereduced,

the5 CallMuxs,8 Split/Combinecomponentsand5 Variablecomponentsof which chan -

nelW wascomposedarereducedto asinglePatchVariableof cost10717units. Sucha large

variable/multiplexer combinationcomponentcould easilybe realisedasa small,regularly

layed-out, registerbank. Mask/Adapt/Combinecomponentsattachedto FalseVariableread

portscan,similarly, beabsorbedinto theFalseVariableto form PatchFalseVariables.

Theflag variables(e.g.TEBusy) areupdatedby writing 0 or 1 into them. TheFetch,Con-

stant,CallMux combinationrequiredfor theseassignmentscanbereplacedby Encodecom-

ponents.
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7.3.2. The optimised implementation

After replacingcomponentsin the controller implementationwith a numberof the new

handshakecomponents,thedistributionof componentsizesis asshown in figure7.5.
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Figure 7.5. Simplified DMA controller optimised component areas

Area range Frequency

[0, 999] 279

[1000,1999] 2

[2000,2999] 2

[3000,3999] 3

[8000,8999] 1

[10000,10999] 2

[11000,11999] 2

Table 7.2. Simplified DMA controller optimised component frequencies

The optimisedcircuit costs82801breeze-costunits. This is a very modestareadecrease

over theunoptimisedimplementationalthoughthetotal componentcounthasbeenreduced

to 288.

Noticethat themajorityof thecircuit areais now concentratedin therange[10000,11999]

costunitsbut that a majority of the componentsarestill small. 160 of thesecomponents

arestill 0-sized.Themajorityof these0-sizedcomponents(122)aretransferrers.Thenew

componentsarenot intendedto removetransferrers(althoughcomponentslikePatchVariable

couldhave integratedread/writeport transferrers).Transferrersareparticularlyinnocuous,
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however, astheir implementationscontainno ‘dangling’wires,or wire forks. Flatteningof

transferrerswithin anetlistmaythenbeagoodapproachtomakinghandshakecircuit netlists

morecomprehensible.

Theremaining0-sizedcomponentsaremostlyConstantcomponentsusedto sourcedecision

bits in theDMAArbprocedure.Thesecomponentscouldberemovedby optimisingacross

thestagesin DMAArbtocentralisethedecisionsbetweenincomingrequests.Thismaynotbe

possibleasDMAArbcontainsarbitersbetweenstageswhicharedifficult to optimiseacross.

7.4. Chapter Summar y

The new componentsdescribedin chapter5 have beenappliedto a substantiallysizedex-

ampledesign.They have beenshown to beeffective in reducingthenumberof very small

components.Furthernew componentsmaybenecessaryif it isdesirabletoreducethenumber

of transferrerswhich arethemostfrequentcomponentsin typical handshake circuit imple-

mentations.

Amalgamatingsmallcomponentsfrom Balsadesignsinto larger, composite,componentsal-

lowsspecific,componentboundarycrossing,optimisationstobeexploited. Thismayinclude

restrictedformsof gatelevel optimisationor exploitationof timing-specificoptimisations.

Large, separatelytiming verified, componentscan be composedas pre-placed-and-routed

macrocells(hardmacrocells)to form wholecircuitswith only interconnecttiming validation

left to perform. This useof hierarchicalplaceandrouterealisesin silicon the boundaries

betweenhandshakecomponents.

A largenumberof different,smallcomponentsimpliesa large library of componentsfrom

which they are drawn. For a particulardesign,an implementationcomposedof a small

numberof large, highly parameterisedcomponentswill tend to form a library of highly

specificcomponentswhich may only be instantiatedonce. A similar circuit composedof

many smallcomponentsmaymakebetteruseof reuse(i.e.moreinstancesof eachcomponent

type)but will almostcertainlycreatea larger library of cells. Designswith largenumbers

of miscellaneouscellsarehardertoexchangebetweentools(problemswith feed-throughpin

connectionsareparticularlynon-portable).Thepassageof adesignfromtool totool typically
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occursanumberof timesin theBalsaCAD back-ends.
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Chapter 8. Conc lusions

Thework describedin this thesishasproducedtwo substantialartifacts: theBalsaback-end

tool setandtheAMULET3i DMA controller. TheBalsaback-endis capableof producing

implementationsof parameterisedhandshakecomponentsandpresentingthoseimplementa-

tionsto achosenCAD system.TheAMULET3i DMA controllerservesassubstantialvalid-

ationof thistool set.

The AMULET3i DMA controlleris not just a paperdesign,the DRACO communications

IC in which it is embeddedhasbeenfabricated.This IC wasdevelopedasa joint effort

betweentheAMULET groupanda commercialpartnerandis destinedto beusedin DECT

mobilecommunicationsproducts.TheDMA controllerwasbuilt to acommercially-sourced

specificationwhich wasdrawn up without referenceto Balsa. Realisinga designbasedon

this specificationprovesthe flexibility of Balsaasa designlanguagefor generalhardware

designtasks.

The new handshake componentsdescribedin chapter5 arethe resultof working with the

largenetlistsgeneratedwhilst building theAMULET3i DMA controller. Thesimpler, fully

asynchronous,DMA controllerdesignusedto demonstratethe implementation-simplifying

effectsof thesecomponentsreflectsthe control complexity of the full AMULET3i DMA

controller. Thissimplifiedcontrolleris, therefore,offeredassubstantialtestdesignto other

researchers(itsspecificationisoutlinedin §7.1andthecompleteBalsadescriptionisgivenin

appendix2).

The Balsasystemis available to download under the termsof the GNU GeneralPublic

Licenseversion2. A link canbefoundat:

http://www.cs.man.ac.uk/amulet/projects/balsa

ThisURL is guaranteedvalid until at leastMarch2003.

8.1. Future work

Funding has beensecured[23] to extend Balsa in two ways: improvementsto datapath
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synthesisof andadditionsto thebehaviouralsimulationanddesignmanagementsystems.A

numberof otheradditionsandimprovementto theBalsasystemarealsoenvisaged.

8.1.1. Impr oved datapath synthesis

Automatedtoolsexist to createcustomlayoutof datapathsfrom a library of pitch-matched

datapathcells. Thesedatapathcompilation tools producecompositionsof cells which

perform the desiredfunction with control inputs(for multiplexers,adders,etc.)presented

asports.

Thesynthesisof Balsadatapathcomponentscouldbeadaptedto make useof thesetoolsto

producesmaller,fasterdatapathimplementations.Variantsof theprovidedcell librariescould

beproducedto allow matchedpathcontroldelaysor delay-insensitiveencodingsof control

(or carrychains)to beintegratedinto thedatapathlayout.

Datapathsynthesiswork on Balsawill includethis form of customdatapathgenerationand

alsoworkonlayout-awareplacementfor synthesis.Thiswill includeautomatedplacementof

standardcells(or functionsin FPGAlook-uptables)to produceregularlayoutwith correctly

placed(i.e.localised)interconnect.

The useof delay-insensitive codesto encodedata for regular and ‘cell compiler’ placed

standardcell layout will also be explored. A Balsa back-endtechnologyusing NCL is

alsoplanned.

8.1.2. Simulation and design management

The LARD-basedsimulationsolutiondescribedin chapter4 is a greatimprovementover

theuseof LARD describedin [6]. Unfortunately, LARD wasnot createdwith theintention

of usingit anintermediatefor modellingdescriptionsmadein othersourcelanguages.The

compiler and simulation environment do not provide a transparentenoughview of the

original descriptionto make the experienceof debuggingBalsausingLARD seamlessfor

theuser.

Work will be carriedout to rework the LARD simulationenvironment to bettersupport

Balsa. Integrationof the nascentBalsadesignmanager(balsa-mgr)with this simulation
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environment will allow the constructionof an integratedBalsa designenvironment (an

IDE). Supportfor testharnessgeneration(andapplication),CAD interfaceintegrationand

assessmentandvisualisationof designs(betterthanjust breeze-cost)to allow usersto make

intelligentdesignchoicesbasedonsimulation/synthesisresultsareall required.

8.1.3. Other work

Otherfutureimprovementsto Balsainclude:

• Thefull integrationof thecomponentsdescribedin chapter5.

• Creationof new back-endtechnologiesfor newly developingIC designkits.

• Improvementsin FPGAinterconnectefficiency of implementedBalsadesigns(intercon-

nectfor localsynchronisationsignalstendsto beexpensive in FPGAs).

• Exploring waysof usingexisting static-timingvalidationtools (for FPGA andASIC

designs)to validateBalsadesignswithoutexhaustivesimulation.

Controlresynthesiswork on Balsahandshake circuitsis alsocurrentlybeingundertakenby

T. ChelceaatColumbiaUniversity[16].
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Appendix 1. Balsa Langua ge
Reference

1.1. Top level and declarations

balsa-description

EachBalsafile containsa singlebalsa-description.Thatdescriptionmayimport definitions
from otherfilesandmake a numberof definitionsof its own. Definitionsin theprivate
partof thefile arevisibleonly tosubsequentdefinitionsin thisfile.Definitionsin thepublic
partareexportedto theBreezefile by balsa-c.Namesbecomeboundat point of definition
and are visible to subsequentdefinitionsin the file. Balsa hasseparatenamespacesfor
procedure/function/sharedproceduresnames,variablesandchannel,andtypes.

balsa-declaration

imports private
outer-decl

public
outer-decl

impor ts

Importsreadin definitionsfromotherfilesbyparsingtheir(previouslycompiled)Breezefiles.
Thedot separatedpathsrepresentfile systempathsfrom theroot of thedirectorieslistedin
theincludesearchpathdefinedbybalsa-c.Thefirst file tobefoundbymatchingagainstthose
pathis thefirst to beincluded.Nameconflictsbetweenimportedfilesareconsiderederrors.

imports

import [ ident

.

]

outer -decl

At the top level of a balsa-descriptiononly the declaration/definitionflavours given by
outer-declareallowed. Theover sectionsin recordandenumerationdeclarationsallow a
boundingtypeto begivenwhichdetermines(andrestricts)thesizeof thosetypes.
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1.1. Top level and declarations

outer-decl

type ident is type

new type

record record-elems

enumeration enum-elems

end

over type

constant ident = expr
: type

procedure ident
( procedure-ports )

is block

is ident
over parameter

,

function ident
( function-ports )

= expr
: type

recor d-elems and enum-elems

Recordelementsarepackedin thegivenorderintorecordtypedvalues.Thefirstelementwill
occupy theleastsignificantbitsof a recordtypedvalue.

Enumerationelementsget valuesstartingfrom 0 andincreasingby onefrom left to right.
Elementswith explicit valuesresetthis counterto that valueandsofor a pair of elements:
elem1 = 5, elem2 ; thevalueof elementelem2 is 6.

record-elems

ident

,

: type

;

enum-elems

ident
= expr

,

inner -decl

Channels,variablesandsharedproceduresmayonly bedeclaredinsideprocedures.

inner-decl

outer-decl

array range of
channel ident

,

: type

sync ident

,

variable ident

,

: type

shared ident is block
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1.1. Top level and declarations

procedure-por ts and function-por ts

procedure-ports

formal-parameter

;
; formal-port

formal-port

;

function-ports

ident

,

: type

;

formal-port

array range of
sync ident

,

input

output

ident

,

: type

formal-parameter

parameter ident

,

: type

type

1.2. Expressions, types, rang es and lvalues

type , rang e and parameter

Balsahastwoclassesof anonymoustypes:numerictypes(declaredwith thebits keyboard)
and arraysof other types. Numeric typescan be either signedor unsigned(without the
signed keyboard).Signednesshasaneffectonexpressionoperatorsandcasting.Enumer-
ationtypesandrecordtypesmustbeboundto namesby a typedeclarationbeforeuse.Type
equivalencein Balsais usuallyby comparingpointsof declarationfor namedtypes,by size
andsignednessfor numerictypesandbysizeof rangeandbasetypefor arrays.Onlynumeric
typesandarraysof othertypesmaybeusedwithoutfirst bindinganameto thosetypes.

Rangesare usedfor specifying the indicesof elementsof arrays,array slicing/element
extraction,arrayedchannelsandin case commandpatternsandfor loops. A singleexpr
valueis equivalentto 0 … expr − 1 in arrayandarrayedchannelsandto just thevalueof
expr in slice/arrayextract operations,case patternsand for loops. Rangesover a type
areequivalentto a range0 … sizeoftype2 . For arrayelementsandfor loopsrangesarealways
ascendingevenwhenspecifiedwith thegreatervalueontheleft handside(thetwovaluesare
swapped).Rangesmaybeappliedovernumerictypesandenumerations.All sliceoperations
musthaveconstantindices.

type

ident

expr
signed

bits

array range of type

range

expr

expr .. expr

over type

parameter

expr

type type
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1.2. Expressions, types, ranges and lvalues

expr

1. Record/arrayconstruction.Theoptionalidentspecifiesa typewherethis isn’t obvious
from context

2. Enumerationelementchoice:e.g. Colours’Red . Where the enumerationtype is
obviousfrom context, thetypenamecanbeomitted:e.g.Red

3. Recordelementextraction
4. Numberof bitsin typeident. Mustberesolvableatcompiletime.

5. 


log2 expr




. Mustberesolvableatcompiletime.

6. Type cast operator, the parenthesesare required. All value except signednumeric
valuesarecastby truncationor zeropadding. Signednumericvaluescastinto wider
signednumerictypesaresignextended.Theonly implicit typecoercionin Balsais the
extensionof numericliteralsandconstantexpressions.

7. Functioncall expression.

expr

number ident
1

ident

{

exprs

}

2

ident

’

ident

3

expr

.

ident

expr

[

range

]

4

sizeof

ident

5

log

expr

- not

expr

expr

binary-op

expr

6

(

expr

as

type

)

7

ident

(

exprs

)

(

expr

)

exprs

expr

,

binar y/unar y-operator s

Operatorareshown in orderof decreasingprecedence.

Symbol Operation Valid types Notes

[ ] arrayindexing array non-constindex possible,cangenerate
lots of hardware

. recordindexing record

not ,
log ,
- (unary)

unaryops. numeric logonlyworksonconstants,- makesre-
turnsa resultonebit wider thanthear-
gument
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1.2. Expressions, types, ranges and lvalues

+, - add,subtract numeric resultsare betweenone and two bits
longer than largestargument(two bits
for signed+/- unsignedwith a largeror
equallysizesunsignedargument)

* , / , % multiply,
divide,
remainder

numeric only applicableto constants

<, >, <=, >= inequalities numeric,
enumeration

=, /= equals,
notequals

all comparisonis by sign extendedvalue
for signednumerictypes

and bitwiseand numeric Balsausestype1 bits for if /while
guardssobitwiseandlogical operators
arethesame

or bitwiseor numeric

lvalue

Thevariablenamingclauseontheleft handsideof assignments,thechannelnamingclauses
oneithersideof channelI/O commandsandtheformalargumentsto proceduresaregrouped
togetherunderthetermlvalues.Lvaluesnamevariables,channels,recordelementsof vari-
ables,slices/elementsof variablesof arraytypesandtheslices,constructionandconcatena-
tion (with the@symbol)of arrayedchannelsusedin procedurecalls. Theleft handarraywill
occupy thelow index portionof resultingarray.

lvalue

ident

ident
. ident

lvalue [ range ]

@ lvalue

{ lvalue

,

}

1.3. Commands

command

1. continue is thenull command,halt causesdeadlock.

2. ChannelI/O andvariableassignment.-> is channelinput,<- is channeloutput.

3. bindstighterthan; , useblock to overrideprecedence.

4. Indefinaterepetition.

5. if andwhile commandsmayhavemultipleguardedcommands,only oneof whichis
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1.3. Commands

executedwhenits guardis met.

6. for performsstructuraliteration/compositionsimilar to for generate in VHDL.
Theiterationrangemustberesolvableatcompiletime.

7. select andarbitrate performpassive input selection,select without arbitra-
tion, arbitrate with arbitration. A select mayapply to any numberof channel
sets,arbitrate mustbeappliedto exactly two sets.Selectedchannelsareavailable
asread-only variableswithin theguardedcommands.

8. print can be used to give diagnosticmessagesduring compilation. Any Balsa
valuecanbepassedto print but if thefirst elementis oneof thevaluesof thebuilt-in
enumeratedtypeBalsaError , this is usedto specifywhat typeof messageis given.
BalsaError is definedas{fatal, error, warning, report} .

case-guards

range

,

then command

|

expr-guards

expr then command

|

select-guards

lvalue
-> ident

,

then command

|
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1.3. Commands

command

1 continue

halt

2 lvalue -> lvalue

<- expr

:= expr

sync lvalue

3 command ;

||

command

4 loop command end

5 if

while

expr-guards
else command

end

case expr of case-guards
else command

end

6 for ;

||

ident in range then command end

7 select

arbitrate

select-guards end

block

8 print expr

string

,

procedure-call

procedure-call

Theover procedurecall syntaxisusedtocall parameterisedprocedures.Pre-parameterised
versionsof suchprocedurescanbe boundto namesusinga procedure declaration(see
outer-decl). A block can be given in placeof a sync channelnameallowing the called
procedureto activatethatblockwith ahandshakeon thatport.

procedure-call

ident
over parameter

,

of
procedure-args

(
procedure-args

)

procedure-args

lvalue

block

,

bloc k

Blocks allow inclusion of local definitionsarounda commandand the overriding of the
precedenceof commandcomposition.
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1.3. Commands

block

local inner-decl
begin command end

[ command ]

1.4. Terminals and comments

The terminalsmay have no extra whitespaceinsertedin them. Numberscanbe given in
decimal(startingwith oneof 1…9),hexadecimal(0x prefix),octal(0 prefix)andbinary(0b
prefix). Identifiersfollow rulessimilar to C, they arecasesensitiveandmaynot beidentical
to any of thepredefinedkeywords.

Therearetwo formsof comments:line commentsbegunby -- andcontinuingto theendof
thecurrentline,andblock commentsenclosedthesymbols(-- and--) . Block comments
arenestable.

number

1…9
0…9

0 x

X

0…9

a…f

A…F

b

B

0…1

0…7

ident

_

a…z

A…Z

_

a…z

A…Z

0…9

string

“
[^"]

”
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Appendix 2. Simplified DMA Contr oller
Sour ce Code

2.1. ctrl.balsa

( -- ‘ctrl.balsa’: Register/DMAReq unit --)

import [types]
public

procedure RequestHandler (
input busCommandIn : MARBLE8bACommand;
input DRQIn : ClientNo;
sync TEAck;
output request : DMACommandSource;
output busCommandOut : MARBLE8bACommand;
output DRQOut : ClientNo

) is local
channel drqAndBus : DMACommandSource

begin
loop

arbitrate DRQIn then
drqAndBus <- DRQ || DRQOut <- DRQIn

| busCommandIn then
drqAndBus <- bus || busCommandOut <- busCommandIn

end
end ||
loop

arbitrate drqAndBus then request <- drqAndBus
| TEAck then request <- TEAck
end

end
end

procedure DMAControl (
input busCommand : MARBLE8bACommand;
output busResponse : MARBLEResponse;

input DRQ : ClientNo;

output TECommand: array 2 of Word;
sync TEAck;

output IRQ : bit
) is local

variable channelRegisters : array NoOfChannels of ChannelRegister
variable channelR, channelW : ChannelRegister
variable channelNo : ChannelNo
variable clientNo : ClientNo

variable TEBusy : bit

variable gEnable : bit
variable chanStatus : array NoOfChannels of bit
variable IRQMask, IRQReq : array NoOfChannels of bit
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2.1. ctrl.balsa

variable requestsPending : array NoOfChannels of RequestPair

channel commandSourceC : DMACommandSource
channel busCommandC : MARBLE8bACommand
channel DRQC: ClientNo
variable commandSource : DMACommandSource

shared ReadChannelRegisters is begin channelR :=
channelRegisters[channelNo] end

shared WriteChannelRegisters is begin channelRegisters[channelNo] :=
channelW end

shared IssueTransfer is begin
TEBusy := 1 || TECommand<- {channelR.src, channelR.dst}

end

shared UpdateRegistersAfterTransfer is begin
channelW.ctrl := channelR.ctrl ||
if channelR.ctrl.srcInc then

channelW.src := (channelR.src + 1 as Word)
end ||
if channelR.ctrl.dstInc then

channelW.dst := (channelR.dst + 1 as Word)
end ||
if channelR.ctrl.countDec then

channelW.count := (channelR.count - 1 as Word)
end;
if channelW.count = 0 then

chanStatus[channelNo] := 1 ||
if IRQMask[channelNo] then IRQReq[channelNo] := 1 end ||
channelW.ctrl.enable := 0

end;
WriteChannelRegisters ()

end

-- Take the client number in ‘clientNo’ and find channels which
-- are triggered by that client request, set their reqeuest bits.
shared MarkUpClientRequest is
begin

for || i in 0 .. NoOfChannels-1 then
if channelRegisters[i].ctrl.srcClientNo = clientNo then

requestsPending[i].src := 1
end ||
if channelRegisters[i].ctrl.dstClientNo = clientNo then

requestsPending[i].dst := 1
end

end
end

-- Examine the transfer ready bits and
-- issue a transfer to the TE if we can
shared TryToIssueTransfer is local

variable foundChannel : bit
variable newChannelNo : ChannelNo

begin
foundChannel := 0 || channelNo := 0;

while not foundChannel then
if requestsPending[channelNo] = {1,1}

and channelRegisters[channelNo].ctrl.enable then
ReadChannelRegisters ();
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2.1. ctrl.balsa

requestsPending[channelNo] :=
{channelR.ctrl.srcDRQ, channelR.ctrl.dstDRQ} ||

foundChannel := 1 ||
IssueTransfer () ||
UpdateRegistersAfterTransfer ()

else
local channel incChanNo : array ChannelNoLen + 1 of bit
begin

incChanNo <-
(channelNo + 1 as array ChannelNoLen + 1 of bit) ||

select incChanNo then
foundChannel := incChanNo[ChannelNoLen] ||
newChannelNo :=

(incChanNo[0..ChannelNoLen-1] as ChannelNo)
end;
channelNo := newChannelNo

end
end

end
end

-- Assess interrupt status after finishing a transfer
shared AssessInterrupts is begin

IRQ <- (IRQReq as NoOfChannels bits) /= 0
end

shared ClearChanStatus is begin
chanStatus[channelNo] := 0 ||
IRQReq[channelNo] := 0;
AssessInterrupts ()

end

-- Initialise a few key variables
shared Init is begin

gEnable := 0 || TEBusy := 0 ||
requestsPending := (0 as array NoOfChannels of RequestPair)

end
begin

Init ();
RequestHandler (busCommand, DRQ, TEAck, commandSourceC,

busCommandC, DRQC) ||
loop

commandSourceC -> commandSource;
case commandSource of

DRQ then DRQC-> clientNo; MarkUpClientRequest ()
| bus then

select busCommandC then
if (busCommandC.a as RegAddrType).globalNchannel then

case busCommandC.rNw of -- global regs
read then
case (busCommandC.a as GlobalRegAddr).regType of

chanStatus then busResponse <- {(chanStatus as Word)}
| IRQMask then busResponse <- {(IRQMask as Word)}
| IRQReq then busResponse <- {(IRQReq as Word)}
else ( -- genCtrl --) busResponse <- {(gEnable as Word)}
end

| write then
case (busCommandC.a as GlobalRegAddr).regType of

chanStatus then chanStatus :=
(busCommandC.d as array NoOfChannels of bit)

| IRQMask then IRQMask :=
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2.1. ctrl.balsa

(busCommandC.d as array NoOfChannels of bit)
| IRQReq then IRQReq :=

(busCommandC.d as array NoOfChannels of bit)
else ( -- genCtrl --) gEnable := (busCommandC.d as bit)
end

end
else -- channel regs

channelNo := (busCommandC.a as ChannelRegAddr).channelNo;
ReadChannelRegisters ();
case busCommandC.rNw of

read then
case (busCommandC.a as ChannelRegAddr).regType of

src then busResponse <- {channelR.src}
| dst then busResponse <- {channelR.dst}
| count then busResponse <- {channelR.count}
| ctrl then busResponse <- {(channelR.ctrl as Word)} ||

ClearChanStatus ()
end

| write then
channelW := channelR; -- copy back other registers
case (busCommandC.a as ChannelRegAddr).regType of

src then channelW.src := busCommandC.d
| dst then channelW.dst := busCommandC.d
| count then channelW.count := busCommandC.d
| ctrl then channelW.ctrl :=

(busCommandC.d as ControlRegister) ||
requestsPending[channelNo] := {0,0} ||
ClearChanStatus ()

end;
WriteChannelRegisters ()

end
end

end
else ( -- TEAck --)
TEBusy := 0;
if gEnable then AssessInterrupts () end

end;
if gEnable and not TEBusy then TryToIssueTransfer () end

end
end

2.2. arb.balsa

( -- ‘arb.balsa’: Arbiter trees --)

import [balsa.types.basic]
public

-- ArbHead: 2 way arbcall with channel no. output
procedure ArbHead (

sync i0, i1;
output o : bit

) is begin loop
arbitrate i0 then o <- 0
| i1 then o <- 1

end end end

-- ArbTree: a tree arbcall which outputs a channel number
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2.2. arb.balsa

-- prepended onto the input channel’s data. (invokes itself
-- recursively to make the tree)
procedure ArbTree (

parameter inputCount : cardinal;
parameter depth : cardinal; -- bits to carry from inputs
array inputCount of input i : depth bits;
output o : (log inputCount) + depth bits

) is local
function AddTopBit (hd : bit; tl : depth bits) =

((tl as array depth of bit) @ {hd} as depth+1 bits)
function AddTopBit2 (hd : bit; tl : depth+1 bits) =

((tl as array depth + 1 of bit) @ {hd} as depth+2 bits)
function AddTop2Bits (hd0 : bit; hd1 : bit; tl : depth bits) =

((tl as array depth + 1 of bit) @ {hd0,hd1} as depth+2 bits)
begin

case inputCount of
0, 1 then print error,

"can’t build an ArbTree with fewer than 2 inputs"
| 2 then loop

arbitrate i[0] then o <- AddTopBit (0, i[0])
| i[1] then o <- AddTopBit (1, i[1])
end

end
| 3 then local channel lo : 1 + depth bits

begin
ArbTree over 2, depth of i[0..1], lo ||
loop

arbitrate lo then o <- AddTopBit2 (0, lo)
| i[2] then o <- AddTop2Bits (1, 0, i[2])
end

end
end

else local
constant halfCount = inputCount / 2
constant halfBits = depth + log halfCount
channel l, r : halfBits bits

begin
ArbTree over halfCount, depth of i[0..halfCount-1], l ||
ArbTree over inputCount-halfCount, depth of

i[halfCount..inputCount-1], r ||
ArbTree over 2, halfBits of {l,r}, o

end
end

end

-- ArbFunnel: build a tree arbcall (balanced apart from the last
-- channel which is faster than the rest) which produces a channel
-- number from an array of sync inputs
procedure ArbFunnel (

parameter inputCount : cardinal;
array inputCount of sync i;
output o : log inputCount bits

) is local
constant halfCount = inputCount / 2
constant oddInputCount = inputCount % 2

begin
if inputCount < 2 then

print error, can’t build an ArbFunnel with fewer than 2 inputs
| inputCount = 2 then

ArbHead (i[0], i[1], o)
| inputCount > 2 then
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2.2. arb.balsa

local
array halfCount+1 of channel li : bit

begin
for || j in 0 .. halfCount - 1 then

ArbHead (i[j*2], i[j*2+1], li[j])
end ||
if oddInputCount then

ArbTree over halfCount+1, 1 of li[0 .. halfCount], o ||
loop select i[inputCount - 1] then li[halfCount] <- 0 end end

else
ArbTree over halfCount, 1 of li[0..halfCount-1], o

end
end

end
end

2.3. dma.balsa

( -- ‘dma.balsa’: DMA controller --)

import [ctrl]
import [te]
import [arb]
public

procedure DMAArb is ArbFunnel over NoOfClients

procedure dma (
input mta : MARBLE8bACommand;
output mtd : MARBLEResponse;
output mia : MARBLECommandNoData;
output irq : bit;
array NoOfClients of sync drq

) is local
channel DRQClientNo : ClientNo
channel TECommand: array 2 of Word
sync TEAck

begin
DMAControl (mta, mtd, DRQClientNo, TECommand, TEAck, irq) ||
DMATransferEngine (TECommand, TEAck, mia) ||
DMAArb (drq, DRQClientNo)

end

2.4. types.balsa

( -- ‘types.balsa’: Types and constants --)

import [marble]
public

-- Number of channels, clients
constant NoOfChannels = 4
constant NoOfClients = 8
constant ChannelNoLen = log NoOfChannels
constant ClientNoLen = log NoOfClients
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2.4. types.balsa

type ChannelNo is ChannelNoLen bits
type ClientNo is ClientNoLen bits

--- DMA Commands

type DMACommandSource is enumeration
DRQ, bus, TEAck

end

--- Channel registers

-- ChannelRegType: the 4 registers per DMA channel
type ChannelRegType is enumeration

src, dst, count, ctrl
end

-- ControlRegister: control register LS bits
type ControlRegister is record

enable : bit;
srcInc : bit;
dstInc : bit;
countDec : bit;
srcDRQ : bit;
dstDRQ : bit;
srcClientNo : ClientNo;
dstClientNo : ClientNo

end

type ChannelRegister is record
src, dst, count : Word;
ctrl : ControlRegister

end

--- Global registers

-- GenCtrlRegister: General control register structure
type GenCtrlRegister is record

gEnable : bit
over Word

-- GlobalRegType: the 6 global registers
type GlobalRegType is enumeration

genCtrl, chanStatus, IRQMask, IRQReq
end

-- RegAddrType: union with RegAddr to tell global from channel
register
type RegAddrType is record

padding : 7 bits;
globalNchannel : bit

over 8 bits

-- Channel registers address format
type ChannelRegAddr is record

regType : ChannelRegType;
channelNo : ChannelNo;
padding : 8 - (sizeof ChannelRegType + ChannelNoLen) bits

over 8 bits

-- Global registers address format
type GlobalRegAddr is record
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2.4. types.balsa

regType : GlobalRegType;
padding : 7 - sizeof GlobalRegType bits;
one : bit

over 8 bits

type RequestPair is record
src : bit;
dst : bit

end

--- Transfer engine
type TECommandis record

srcAddr : Word;
dstAddr : Word

end

2.5. marb le.balsa

( -- ‘marble.balsa’: MARBLE types and parts --)

-- MARBLE Address/Data Interface
import [balsa.types.basic]
public

-- Basic types
type Word is 32 bits
type HalfWord is 16 bits

-- MARBLE types
type RNWis enumeration write, read over bit
type MSize is enumeration byte, halfWord, word over 2 bits

-- Command bundle, 32b and 8b addresses
type MARBLECommandNoDatais record

a : Word;
rNw : RNW;
size : MSize

end

type MARBLE8bACommandis record
a : 8 bits;
d : Word;
rNw : RNW;
size : MSize

end

-- Response bundle, no abort facility, not needed for data writes
type MARBLEResponse is record

d : Word
end

2.6. te.balsa

( -- ‘te.balsa’: DMA Transfer engine --)
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2.6. te.balsa

import [types]
public

procedure DMATransferEngine (
input command : array 2 of Word;
sync ack;
output busCommand : MARBLECommandNoData

) is local
variable commandV : array 2 of Word

begin
loop

command -> commandV;
busCommand <- {commandV[0],read,word};
busCommand <- {commandV[1],write,word};
sync ack

end
end
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