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Abstract

The Balsa systemfor asynchronouscircuit synthesisis described.Balsa is a CSP-like

languagebased on the Tangram VLSI programming languagedeveloped by Philips

ElectronicsNV. andEindhoven University of Technology. The Tangramlanguagecanbe

transparentlycompiledinto an intermediaterepresentation(betweenthe languageandgate

level implementations)calledhandshakecircuits.

ThisthesisdescribesthoseadditionalfeaturesthatBalsaexhibitsaboveTangram,theBreeze

intermediatefile formatfor handshakecircuits,thebalsa-ccompiler(from Balsato Breeze),

asimulationenvironmentfor Balsaandalsosuggestsa framework for a ‘back-end’compiler

to transformBreezeinto standardcell logic.

In particularthesupportfor separatecompilationandtheuseof a flexible communication

enclosedinput choicemechanismareclaimedasusefuladditionsto the expressivenessof

Tangram.New handshakecomponents(whicharetheconstituentpartsof handshakecircuits)

areproposedwhichareusedto implementthischoicemechanismaswell asmoregeneralised

formsof theexistingTangramsystemcomponents.
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Chapter 1. Intr oduction

1.1. Thesis overview

ThisthesisdescribestheBalsaasynchronoushardwaresynthesissystem.TheBalsasystemis

heavily basedon theHandshakeCircuit paradigmdevelopedby PhilipsElectronicsNV. and

EindhovenUniversityof Technologyandservestoextendwork carriedoutby theAMULET

Groupat ManchesterUniversityunderthe EXACT project1 into the benefitsof the useof

Micropipelinestylesingle-railimplementationsof handshakecomponents.

TheBalsaCompiler(balsa-c)formsthefront-endof adesignflow whichpreviouslyincluded

thePhilipsTangramcompilerandtheEXACThandshakecomponentlibrary. balsa-cisbased

onanextendedform of theTangramcompilationmechanism(asdescribedby vanBerkel).

As a languageBalsaattemptsto makeVLSI programmingmorepalatableto theengineerby

resemblingfamiliarprogramminglanguagesandby includinggreaterexpressivenesswith the

enclosingselectconstructandmoregeneralcaseconstruct.Reuseof librarymodulesismade

possibleby theuseof theintermediatelanguage/ file format– Breeze.

Gatelevel implementationsof thenew componentsintroducedarepresentedalongwith an

outlinefor a‘back-end’handshakecircuit togatelevelnetlisttool– breeze2gates.Simulation

of Balsadesignsis performedusingthe LARD tool [35] (alsodevelopedin the AMULET

group)atahandshakecircuit level.

1.2. Async hronous design

The global clock forms the central tenet of today’s dominantdesignparadigm,that of

synchronouscircuits. Synchronouscircuitsuseone(or a smallcollectionof closelyrelated)

signalsto synchronisechangesof stateacrossa machine. Viewing changesof stateas

1 EXACT was the EXploitation of AsynchronousCircuit Technologiesproject (ESPRIT 6143) of which The
Universityof Manchesterwasapartner.
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1.2. Asynchronous design

occurringsimultaneouslyallowscircuitstobemodelledattheso-calledregistertransferlevel

(RTL) wherethenew outputvaluesof combinatorialcircuit elementsareall calculatedonthe

basisof thecurrentstateandthevaluesonthecircuit inputs,thenew statebeingafunctionof

thosevalues.

The global clock is therefore a powerfully attractive abstractionfor simplifying the

implementationof sequencingandsynchronisationandfor hiding from thedesignerthose

undesirablefeaturesof the underlyingintrinsically analogueelectronictechnology, these

includehazardsandmetastability.

Recentlytherehasbeenrenewedinterestin designingwithout clocks. Thevery large,very

fast moderndesignsand the demandfor low-power portablecomputationallypowerful

devices(mobilephones,PDAs,digital cameras,portableCD playersetc.)makesdemandsof

clocked,synchronous,designswhicharedifficult tomeet.Thedistributionandcontrolof the

energy dissipatedby a freerunningclock aremajordevelopmentheadachesfor themodern

synchronousdesigners.

Synchronousdesigndoeshowever rest on the assumptionthat the global clock signal

canbe distributed to all partsof the circuit without phasedifferences.In practicethis is

difficult to achieve andall synchronousimplementationsmustbetolerantof themaximum

clock skew. Fractalclock distributionnetworkscanbeusedto matchdelaysfrom theclock

generatingcircuit to theregistersof adesign,but thisdesignalleviatesneitherthelargepower

consumptionof suchanetwork nor therequirementto tolerancefor processvariations.

If theclockcanbeeliminatedandtheproblemsof synchronisation,relativetimingandcontrol

of hazardscanbe overcome,asynchronousdesignsmay be of someuse. It remainsto be

proventhatclaimsfor low-poweroperationarejustifiedfor asynchronoustechniquesandso

for theremainderof this thesisonly theclaim thatasynchronoussignallingtechniquesoffer

greatercomposabilitythansynchronoussystemsis considered.Theuseof composabilityof

small units to createcompletedesignsis demonstratedby Sutherlandin his Micropipeline

design style [22]. The composabilityoffered by asynchronouslycommunicatingcircuit

primitivesisalsothebasisfor thehandshakecircuitsdesignstyleonwhichtheworkcontained

in thisthesisis based.

Chapter 1. Introduction 15



1.2. Asynchronous design

Thecomposabilityof asynchronouscircuitsby meansof asynchronouscommunicationsis

in contrastwith thedifficultiesassociatedwith connectingsynchronoussystemsdrivenfrom

differentclockstogether. Suchsynchronouscompositionsmaybecontrolheavy (introducing

wait states,requiring someform of synchronousacknowledgement),slow (eachtransfer

cycletakingthegreaterof twomultiplesof theclockperiodsof bothcircuits)andintrinsically

susceptibleto metastablefailure.

1.3. The contrib ution made by this work

ThecurrentBalsalanguageandthebalsa-ccompilerarebasedonafinal yearundergraduate

projectcarriedoutby theauthor[1]. There-implementationof thecompiler, theintroduction

of new featuresnot found in Tangramandthecompiler’s integrationinto a simulationand

synthesisframework areclaimedasthecontributionsmadeby thework heredescribed.

By theseadditionsit ishopedthattheexpressivenessof aTangram-likelanguageis increased

andthatnew designareasareopenedup (in particulartheability to choosebetweencontrol

anddatadrivendescriptivestyles).Handshakecomponentsareusedasatargetform notonly

to benefitfrom their qualitiesasabstractive tools (abstractingimplementationsaway from

particularsignallinganddatavalidity protocolsanddataencodingschemes)but alsoto allow

separatedevelopmentof thecompilerfront andbackends.

1.4. The structure of this thesis

Subsequentchaptersare:

2.HandshakeCircuits

A short introduction to the structureof handshake componentsand circuits. The

languageTangramand the compilation mechanismwhich translatesTangraminto

handshakecircuitsarealsobriefly covered.

Chapter 1. Introduction 16



1.4. The structure of this thesis

3.TheBalsaLanguage

A descriptionof the Tangramderived language,Balsa. Featuresof the languageare

explainedandcomparedwith similar featuresin existing programmingandhardware

description languages.A new input selectionschemeis discussedalong with a

mechanismfor compilingdescriptionsusingthisschemeinto handshakecircuits.

4.CompilingBalsato HandshakeCircuits

Theuseof theTangramcompilationfunctionin apracticalcompilerandtheextensions

made to the compilation function to include the added expressivenessof Balsa

descriptionsaredetailed.

5.HandshakeComponentImplementationsandSimulation

Aspectsof thechoicesmadetoarriveatausablesetof gate-levelhandshakecomponent

implementations.A simulationenvironmentandtheeffectsof applyingoptimisationsat

differentlevelsof abstractionarealsodescribed.

6.Thetestdesigns

Twoexampledesigns,theSSEMandSTUMP,writtenin Balsaaregiven. TheSSEMisa

simplesequentialprocessorwrittenin theTangramstyle,STUMPisdescribedin amore

push-orientatedpipelineelementstyle. Importantdesignfeaturesof thetestcircuitsare

highlightedaswell astheuseof handoptimisationto improveuponasimpledesign.

7.ConclusionsandFurtherWork

Importantfeaturesof Balsaaresummarised.Thedifficulty of makingconclusionsabout

ongoingwork is reflectedupon. ComparisonsaremadebetweenBalsa/ Tangramand

otherapproachestotheproblemof asynchronouscircuitsynthesis,specificallytheworks

of Burns [36] andBrunvand [15]. Futurework requiredto completethe Balsasystem

is outlined.

Chapter 1. Introduction 17



Chapter 2. Handshake Circuits

The intentionof this chapteris to familiarisethe readerwith thenotationandterminology

usedin theremainderof thisthesis.

Thiswill consistof abasicintroductionto thestructureof thehardwaredescriptionlanguage

Tangram and to the Handshake Circuit intermediaterepresentationwhich the Tangram

compilertargets.

A notationis definedto allow thedescriptionof thebehaviour of theHandshakeComponent

primitiveswhich arethebasisof Handshake Circuits. A mappingis alsogivenbetweenthe

handshake componentsetusedby theBalsacompilerbalsa-c(thecompileris describedin

§4.2) andthecompilerthat is part of theTangramsystem.This is providedasa guidefor

readersfamiliarwith TangramandtheTangramnamesfor components.

TheBreezelanguageis alsointroduced.Breezeis thetarget format for theBalsacompiler

and is simply a netlist format for handshake circuits. Breezecomponentport structures

are comparedwith those of the Tangramnetlist format HCL to illustrate the use of

parameterisablearrayedportsto definetheport structuresof Balsahandshake components.

A moredetaileddescriptionof Breezeandtheusedof arrayedports/ channelscanbefound

in §5.2and§3.1.5.2respectively.

Thischaptershouldnot beconsideredto bea detailedor completeaccountto thehandshake

circuit methodology. Theauthordirectstheinterestedreaderto thePh.D.thesisof Keesvan

Berkel [28] for a fuller descriptionof thederivationandformalbasisof handshakecircuits.

2.1. Handshake cir cuits

Handshakecircuits,describedbyvanBerkel [28]areusedasanintermediaterepresentationfor

asynchronouscircuitscompiledfromthehardwaredescriptionlanguageTangram.Theyallow

the constructionof circuitswithout knowledgeof the detailsof the underlyinghandshake

protocolsor the implementationtechnology. Suchcircuitsarecompositionsof handshake

18



2.1. Handshake circuits

componentsconnectedby handshake communicatingchannels.EachTangramlanguage

constructhasa direct compilationmechanisminto a handshake circuit fragmentby means

of a front-endcompiler. This direct approachallows the designerto choosethe degreeof

complexity of the implementationandits positionin the power / area/ speed… tradeoff

n-dimensionalsolutionspace.Directcompilationalsoallowsthefront-endcompilerto have

a lower complexity and greaterspeedthan synthesisersbasedon state-spaceexploration

techniquessuchasBurstModemachines(for example,thetool3D [29]) orPetri-nets(thetools

ASSASSIN[10], FORCAGE [33] andPetrify [23]).

2.2. The handshake components

The handshake componentset used by the Tangram and Balsa systemsconsistsof

approximatelythirty, parameterisablecomponents.Parametertypesinclude:

• thedatapathwidth supportedby thecomponenton its variousports.

• thenumberof portsof thesametypewith similarbehaviour (theseareknownasarrayed

portsandareusedextensively in theBalsacomponentset).

• specificationstringswhichaffectcomponentbehaviour (suchasthevalueparameterof

a Constanthandshake which is intendedto provide a constantvalueon a singleoutput

port for usein compiledexpressions).

Eachhandshake componentalso hasa numberof ports. Eachport hasthreeattributed

features:

Type

This is associatedwith databearingportsand determinesthe numberof datawires

bundled.

Dir ection

This is oneof input, outputor nonput. The directionindicatesthe data directionon

thatport.
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Sense

This is eitheractive or passive. A port mayeitherbetheinitiator of a communication

(active, the sourceof the requestsignal)or its target (passive, receiving the request

signal). A port’ssenseisseparatefrom itsdatadirectionanddeterminesthedirectionof

therequestandacknowledgelinesconnectedto thatport.

TheBalsasystemusesthelanguageBreezeasa target formatfor thecompilationof Balsa.

Breezeallows structuralcompositionsof handshake components(ie. handshake circuits)to

bedescribedusingasyntaxnotunlikeBalsaitself.

For eachcomponentin the Balsacomponentset thereis an associatedBreezedeclaration

whichdescribestheportandparameterstructureof thatcomponent.For example:

part $BrzVariable (
parameter width : cardinal;
parameter readPortCount : cardinal;
parameter name : string |
passive input write : width bits;
array readPortCount of passive output read

: width bits
)

describestheVariablecomponentwhich hasthreeparameters(width , readPortCount

andname) andtwo groupsof ports(read andwrite ). The type cardinal is usedto

indicateanumericparameterin therange[0,∞] andisusuallyusedto indicatethewidthsand

numberof portsin componentswith datapathornumberedportstructures.Thestring type

usedin thenameparameteris supportedto allow annotationof componentsby thecompiler

andto allow specificationstrings.

All the portsof a Breezecomponentmusthave a type of the form: n bits (the useof this

form of type,thenumerictype,is detailedin §3.1.2) in orderto simplify thetypingof Breeze

compositions.Breezeis explainedmorefully in §5.2.

Thereadportsof theVariablecomponentaregroupedtogetherin anarrayedport whereeach

of theportsread[0] to read[readPortCount - 1] hasthesametype,directionand
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sense.Theuseof arrayedportsandarrayedchannelsin Balsaisdescribedin §3.1.5.2, they are

largelytheresultof thedesiretobeabletoparameteriseback-endcomponentsin awaywhich

isconsistentwith theBalsaprocedureportstructureandtypesystembut without introducing

portstructureswhichhaveavariablelength‘tail’ of ports(likethevarargsstyleunconstrained

argumentlistsof theClanguage).An instanceof theVariablecomponentwith tworeadports

connectedto wire numbers2 and3, a write port connectedto wire 4 anda width of 12 bits

would look somethinglike:

$BrzVariable (12,2,"Some name" | #4,{#2,#3})

Thetwo readportsaregatheredtogetherin a bracedlist sogiving a port structurewhich is

a two elementlist of write andreadports. The channelsappearingin a Breezefile areall

numberedinsteadof namedin orderto simplify nameclashesandaid numericindexing of

arraysof channels.

2.2.1. Composing handshake cir cuits

In thecompositionof ahandshakecircuit,anumberof handshakecomponentsareconnected

togetherby channels.Eachchannelconnectsexactly onepassive andoneactive port of a

pair of handshake components.The portsof the composedhandshake circuit are formed

by channelsconnectingportswithin thecircuit to theenvironment. All otherportsmustbe

internallyconnectedto othercomponents’ports.

As any particularactive or passive port couldbeeitheranoutputor an input, two formsof

communicationarepossible:pushandpull.

Pushcommunications

Pushcommunicationstake placeon channelswhich connectpassive inputsto active

outputs. This is the Micropipeline [22] style communicationwherethe requestflows

in the samedirectionas the data. Data validity is signalledby requestand released

by acknowledge.

Chapter 2. Handshake Circuits 21



2.2. The handshake components

Pull communications

Pull communicationstake placeon channelswhich connectactive inputs to passive

outputs. In this form of communication,data flows in the samedirection as the

acknowledgement.A communicationis initiatedby therecipientof thedataandsodata

validity is signalledby theacknowledgeline andreleasedby therequest(eitherther ↓

of thiscommunicationor ther ↑ of thenext).

The communicationtype is a propertyof the channel. The compilationmechanismfor

Tangram(which is explainedin §2.3) resultsin circuit fragmentswith activeinputandactive

outputports(asaresultof theactivenatureof thetransferrer’sdataports).Circuitsconstructed

from compositionsof compiled circuit fragmentsmust have their interconnectingports

connectedby Passivatorcomponents.

The Passivator introducessynchronisationof requestsfrom input and output ports and

mediatestheoverlappingof the two handshakes(onepush,onepull) so that thedatavalid

phasesof the two data-validity protocolsinvolved coincide. Channelcommunicationsin

Tangramalsoincludethe conceptof the broadcastchannel, hereoneoutput channelcan

synchronouslycommunicateavaluetoseveralinputsbymeansof atreeof componentswhich

serveaconceptuallysimilar role to thePassivator.

The combinationsof active / passive, input / output / nonputportsandtheir relationships

to pushandpull channelsis shown in [tab. 2.1]. In accordancewith establishedconvention

handshakecomponentsaredrawn aslargecircleswith smallercirclesasports,thesenseand

directionof theportsbeingindicatedby theopenor filled port circleandthedirectionof the

arrow onthechannel’sarcrespectively. An exampleof thisrepresentationisgivenin [fig. 2.1].

Nonputportshavenoassociateddataandsonodatadirectionor senseof push/ pull ontheir

connectedchannels.Syncchannelsareindicatedby arcswithoutarrows.

Thechannelconnectionsto portsin [tab. 2.1]makethethedata,requestandacknowledgement

signalsof the ports explicit for the purposesof emphasisingtheir directions. This does

not,however, indicatethat a bundleddataimplementationis necessarilytheonly meansof

implementinghandshakecomponentsalthoughthisform of implementationwill bethemain

focusfor thisthesis.
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Ordinarily handshake circuit diagramsshow eachchannelasa single line. The circuit in

[fig. 2.1]showsapipelineof threebuf singleplacebufferelements(theBalsacodefor whichis

shown in thefigure)connectedtogetherwith channelsandutilising thePassivatorcomponent

(thecomponentwith twopassiveportsandasingledotwithin thecircularcomponentsymbol)

to maketheiractiveportscompatible.

Input Output Nonput

Push r

a

data

passive input

r

a

data

active output

Sync r

a

passive sync

Pull r

a

data

active input

r

a

data

passive output

Sync r

a

active sync

Table 2.1. Push and pull channels, active / passive to input / output mapping

||

buf bufbuf

procedure buf (input a : T; output b : t) is
local variable c : T begin loop a -> c ; b <- c end end

Figure 2.1. A Passivator-connected pipeline of buffer elements

This threeplacebuffer circuit hasthreeports:the activation (on the top, indicatedby the

symbol‘ ’), aninput a andoutputb. Thepassive,nonputactivationchannelis presentin

all compiledTangramandBalsacommandsandservestoenclosethebehaviour of thecircuit.

Enclosureisanimportantconceptin thedescriptionof handshakecomponentbehavioursand

allowsustosuccinctlydescribeasingle(passive)porthandshakerequestinitiatingabehaviour

andanacknowledgementbeingassertedwhenthatbehaviour hasterminated.For example,

if anactivationhandshakeenclosesacircuit behaviour A thiscanbewritten:

Chapter 2. Handshake Circuits 23



2.2. The handshake components

#[ : A]

wherethe colon indicatesthe enclosureof the right handterm by the left handhandshake

andthe#[ ] indicates(possible)repetitionof thebracketenclosedbehaviour. In a two phase

context thisis equivalentto:

#[ r ; A; a]

wheresequencingis introducedbythesemicolonandtheterms r and a referto transitions

ontherequestandacknowledgesof theactivationchannel.Severalinterpretationsarepossible

for four phasesignallingdependingon theusualdatavalidity protocolfor thechannel.This

is theenclosurerefinementfor four phaseearly(sometimesknown asnarrow):

#[ r ↑ ; A; a ↑ ; r ↓ ; a ↓ ]

theupanddown arrows indicatethedirectionof thesignaltransition. Thisenclosurecould

alsobewritten:

#[ r ↑ ; A; a ↑ ; ↓ ]

where ↓ is equivalentto sequenceddown transitionsonrequestandthenacknowledge.

Threeformsof choicetermsarepartof thenotationalso,theseare:

2.2.1.1. Boolean guar ded choice – a multiple guar d ‘if ’

Thebooleanguardedchoiceoperatorpairsup booleanexpressionswith actionterms. The

choiceoperatorwill evaluateall its guardsbeforechoosingasingletrueguardandexecuting

thetermassociatedwith thatguard.Thegeneralform of thistermtypeis:

[G1 → T1 | G2 → T2 | … | Gn → Tn]

Thetermwill terminateafterthechosenguard’stermisexecuted(or immediatelyif noguard

is foundto betrue). Notethatan‘else’clausecanbespecifiedby thenegateddisjunctionof

all theotherguards,asimpleif G thenA elseB clausewouldappearas:

[G → A | ¬G → B]
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2.2.1.2. Boolean guar ded repeated choice – a multiple guar ded ’while’

Thisbehavesin asimilarwayto thebooleanguardedchoiceexceptthataftertheexecutionof

thetermcorrespondingto a chosenguardtheguardswill bere-evaluatedanda secondterm

maybeinvoked. Thiswill continueuntil all guardsbecomefalse.A booleanguardedrepeated

choicelookslike:

#[G1 → T1 | G2 → T2 | … | Gn → Tn]

2.2.1.3. Signal / comm unication guar ded choice – choice of behaviour based
on signalling order

Eachguardin this form of choiceis a termwhich beginswith thereceiptof aninput signal.

Thisguardis usuallyof eitherof theformsC; T or C : T whereC is a communicationon a

passiveportandT isatermtoexecute.Theuseof anenclosingcommunicationisparticularly

useful in the descriptionof passive input handshake componentswhich must enclosean

outputcommunicationwithin a choiceof input communication(a BalsaCallMux which is

theTangrampushMIX componentis a goodexample).Thecommunicationguardedchoice

hastheform:

[T1 | T2 | … | Tn]

whereeachtermT1 to Tn is a communicationguardedtermasdescribedabove. As it is not

possibleto describean‘else’clausein whichnocommunicationis received(aswecanplace

notimeoutonthearrivalof thenext signal)arepeatingformof thistermcouldneverterminate

(asit wouldnot bepossiblefor all theguardsto ‘f ail’) andsonospecialrepeatingversionof

thistypeof choiceis necessary.

With theadditionof theconcurrentbehaviour operator‘ || ’ thiscompletesthenotation.A ||

BspecifiesthatAandBshouldbeexecutedconcurrentlywith thecompositetermterminating

whenbothA andB haveterminated.

Thisnotationwill beusedasthecommon-currency notationin theremainderof thisthesisto
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makeinformalandsemi-formalcomponentbehaviour descriptions.For themostpartthis is

thesamenotationasvanBerkel’shandshake processcalculus[28] althoughits informaluse

is notstrictly correct1.

2.2.2. The Balsa handshake component set

Thehandshakecomponentsetusedin theBalsasystemis for themostpartthesameasthat

usedbyTangram.Componentandportnames,portstructuresandexactbehavioursmaydiffer,

however,astheBalsacomponentstendtobeparameterisablewith respectto theirnumbersof

ports. For example,in theTangramtargetlanguageHCL amixercomponentwouldappear:

MIX [PUSH 17] (b_111_,b_18_,b_112_)

This is a two input input-request-driven multiplexer with two passive input ports (here

connectedtochannelsb_111_ andb_18_ ) andasingleoutputport(connectedtob_112_ ).

Theport list of thecomponentis specifiedin theparenthesisedterm. Thesquare-bracketed

termspecifiestheparametersof thatcomponent.Here[PUSH 17] impliesthatthisisapush

mixerwhich is 17bitswide. Thebehaviour of thiscomponentis (informally):

MIX(a, b, c). #[[a : c | b : c]]

Whereanoutputcommunicationonc is enclosedby a communicationoneithera or b (the

movementof datais notshown in thisspecification).

In Breeze(with theBalsacomponentset)this MIX componentis a CallMux component,a

similar instanceto thatabove,in Breeze,wouldbe:

$BrzCallMux (17,2 | {#111,#18},#112)

1Thenotationusedin [28] is slightly different. Thesenseof eachchannelis indicatedin eachterm involving that
channel.For example:a ↑ in thenotationusedherewould becomea° ↑ (for a passive a). This is donesimply
in theserviceof brevity. Also in thecauseof brevity, thedeclarationof variablesandinternalchannelswill not be
shown,it shouldbeassumedthatunbounduppercasenamesrefertovariableandlowercasenamestoportsor internal
channels(portnameswill beintroducedby theenclosingnotationprocessName(ports). expression.
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Thecomponentnameis prefixedwith ‘$Brz ’ to placeit out of thenamespaceof common

Balsaidentifiers(which may not containthe character‘$’), the ‘Brz ’ prefix identifiesthis

asa Breezecomponent.Theport structurefor theCallMux consistsof anarrayof passive

inputsandasingleactiveoutput.Theparameters(thoseargumentsbeforethe‘|’) specifya17

bit datapathandtwo passive inputs. Thiscomponentis by thismechanismparameterisable

in its numberof passive inputs. Treesof suchcomponentscanall bereducedinto a single

componentto aid optimisation (even if that optimisation just involves expanding this

multi-waycomponentinto amorebalancedtreeof two waycomponents).

Balsanameswill be usedfor the remainingcomponentsasand when they arenecessary.

Thesenew namesaremeanttodistinguishtheBalsaparameterisedcomponentsfrom thoseof

theTangramsystem.Tangramnamesfor equivalentBalsacomponentswill begivenwhere

appropriatetoaidthereaderfamiliarwith handshakecircuits. Asaguide,the36components

usedby Balsaarelistedin [tab. 2.2], [tab. 2.3], [tab. 2.4]and[tab. 2.5].

Balsaname Tangram name Balsaadditions / notes

Call MIX [~] output-countparameter

CallMux MIX [PUSH] output-countparameter

CallDemux MIX [PULL] input-countparameter

Fork FORK[~] output-countparameter

ForkPush FORK[PUSH] output-countparameter

Synch JOIN[~] port-countparameter

SynchPush JOIN[PUSH] passive-output-countparameter

SynchPull JOIN[PULL] output-countparameter

Passivator PAS[~] port-countparameter

PassivatorPush PAS[] output-countparameter

Continue RUN [~]

ContinuePush RUN []

Halt STOP[~]

HaltPush STOP[]

Table 2.2. Balsa and Tangram ‘channel pipework’ components
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Balsaname Tangram name Balsaadditions / notes

Constant CST

UnaryFunc UN functions:Negate,Invert

BinaryFunc BIN functions:+, -, =, /=, <, >, <=,>=,and,or

Mask FILTER

Adapt ADAPT

Split SPLIT only two outputports

Combine COMBINE only two inputports

Variable VAR

Table 2.3. Balsa and Tangram datapath components

Balsaname Tangram name Balsaadditions / notes

Concur PAR active-nonput-countparameter

Sequence SEQ active-nonput-countparameter

Loop REP

Repeat COUNT

While DO returnsack.onguardfailure

WhileElse DOELSE never returnsacknowledgement

Bar BAR guard/command-countparameter

Arbiter ARB

Fetch TFR

Case CASE Balsausesa ‘specificationstring’,§5.1.1.4

Table 2.4. Balsa and Tangram control components

Balsaname Notes
CaseFetch implementscasechoicein exprs.

DecisionWait unarbitratedchoice

FalseVariable allowshandshakeenclosedreadsonchannel

NullAdapt adaptsfrom aninput to anonputchannel

Table 2.5. Components new to Balsa
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2.3. Tangram

CoreTangramis a hardwaredescriptionlanguageusedby van Berkel [28] to illustratethe

semanticsandcompilationmechanismof Tangram.In thissectionasupersetof CoreTangram

is outlined (which remainsa subsetof the full Tangramlanguageasdescribedin [17]) to

illustratethosefeatureswhichbothfull TangramandBalsashare.Thelanguageisaderivative

of CSP[7] andsodescribescommunicationbetweenstaticconcurrentprocessesby explicit

input and output commands.Control flow is expressedby the sequencedand concurrent

compositionof thelanguage’sbasiccommands.

A Tangramprogramconsistsof asinglefile whichdescribesthewholeof acircuit. A thetop

levelacircuit hasanumberof externalportsconnectingit to itsenvironment.All of thetype,

variableandsub-structuredefinitionsusedbytheprogramarecontainedwithin ablockwithin

thescopeof theseports.

Within thebodyof theprogram,theusercandeclareprocedureswhich canbe instantiated

to form partor wholeof thedescriptionof thecircuit. At theendof thelist of declarations

is a singlecommandwhich will form thetop level of thecircuit. This commandmaybea

primitivecommand,a procedureinvocation,or combineothercommandsusingsequencing,

concursing,choiceor loopingconstructs.

2.3.1. Tangram basic commands

2.3.1.1. Input, output and sync hronisation commands

The communicationprimitives are usedto move data betweenconcurrentmodulesin a

program.Input andoutputareexpressed:c?v andc!e respectively (wherec is a channel

on which to communicate,v is a variableof the sametype as that channeland e is an

expressionwhose value is to be written acrossthe channel). Synchronisationof two

concurrentprocessescanbe effectedby a nonputchannelconnectingthoseprocesses,the

commandc~ formsoneprocess’sendof a synchronisationon nonputchannelc . Tangram

communicationshave a broadcastnature,for all thoseparallel processeswhich perform

communicationsona sharedchannel,thatchannelshouldconnecta singleoutputcommand
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with any numberof input commands(onein eachof theotherprocesses).Theone-to-many

natureof the broadcastcommunicationwhencombinedwith the synchronisingcommand

forms a multi-way synchronisation.As no data direction is associatedwith a nonput

communicationthe synchronisingaction is symmetricwith respectto eachsynchronising

command.Communicationprimitivescanbe usedto communicatealonglocally declared

channelsbetween concurrent commands,between the ports of concurrently invoked

proceduresandwithin thebodyof aprocedure(or thetoplevel) to theportsof thatprocedure.

Thetop level of a circuit will typically becomposedof a numberof concurrentlyinvoked

proceduresconnectedto theenvironmentby thetop level portsandto eachotherby locally

declaredchannels.

2.3.1.2. Assignment

An assignment(for examplev := e, wherev is a variableande is anexpressionof the

sametype)hastheeffectof changingthevaluepresentin a variable.Tangramis essentially

animperativelanguageandsoassignmentandthemaintenanceof statein variablesisthebasis

of its design.We canalsoseetheassignmentasa form of nondistributedcommunication

where:

v : = e

is equivalentto _v?v | | _v!e

where_v isalocalchannelusednowhereotherthanin thisassignment.Bothassignmentand

theoutputcommanddefinethosepointswhereexpressionsarecombinedinto commands.

Assignmentcompletesthecommandsetof Tangram.Theconstructionof proceduresfrom

compositecommands,binding of variablesand channelsto names,port structuresfor

proceduresandtheir inclusionascommandswithin otherproceduresarenotconsideredhere

in thecontext of Tangram.

2.3.1.3. skip and stop commands

The skip commanddoesnothing. More preciselyit can be usedwherever a command

is requiredwhich hasno effect anddoesterminate.This commanddoesfind a usein real
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TangramdescriptionsastheTangramcase andif commandshave,by default,behaviours

wheretheir processwill deadlockif all theirguardconditionsfail. Thestop command,by

contrast,never terminates.A stop commandis usedto deadlockaprocessandsofindsfew

practicalusesin all but top-level descriptions(wheretheability to haltacircuit in suchaway

thatthepowermustberemovedbeforereactivationmaybeuseful). In combinationwith other

commandsthefollowing transformationsaresemanticpreserving(A is any command):

skip ; A ⇔ A

A ; skip ⇔ A

A || skip ⇔ A

stop ; A ⇔ stop

Thesedefinitionsareveryusefulin optimisingsequencedor concurrentcommandsin which

oneormorecommandshasbeenreducedtoeithertheskip orstop commandsbyaprevious

optimisingstep.

2.3.1.4. Sequencing and concurrenc y

Theskip andstop definitionsaboveusebothsequencing(indicatedbyA ; B,processA is

executedbeforeprocessB) andconcurrentcomposition(indicatedby A || B,A isexecuted

in parallelwith B)1. Sequencedandconcursedcommandsarethemselvescommands,giving

usameansof composingdescriptionsfromthebasiccommands(with theaidof repetitionand

choicecompositecommands).Thedefinitionof Tangram(andalsoBalsa)makesprovision

for thestaticcheckingof concurrentaccessesto sharedchannelsandvariables,in particular

thetwo rules:

1. No two concurrentprocessesmaywrite to thesamechannel

2. No two concurrentprocessesmayaccessthesamevariableexceptwherebothprocesses

1It is unfortunatethat Englishhasno satisfyingverb for the actionof makingprocessesconcurrent.Concurrent
compositionandconcursingareusedheretoexpressthatmeaning.It shouldalsobeobviousthatwhereit isindicated
thatacommandis ‘executed’ananalogyis beingdrawn betweentheexecutionof instructionsonamachineandthe
enactmentof acommand’sbehaviour by asynthesisedcircuit.
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only readthatvariable.

Thesestaticchecksarenecessaryfor thecorrectcompositionof channelinterconnectionsand

the correctbehaviour of variablesin handshake circuit implementation,althoughthey can

limit theexpressivenessof TangramandBalsa.

2.3.2. Conditional and repetition commands

Tothesetof basiccommands,Tangramaddsanumberof repetitionandconditionalexecution

compositecommands.Theseinclude:

Unboundedrepetition

forever do A od

Constantnumber of repetitions

for CST do A od

Multiple guarded‘while’ loop

do G1 ; C1 or G2 ; C2 … od

Multiple guarded‘if ’ command

if G1 ; C1 or G2 ; C2 … fi

‘case’command

case E is CST1 then C1 or CST2 then C2 esac

The use of multiple concurrentlyevaluatedguardsin the while and if commands

follows the use of similar guardedstructuresin CSP. In the event of multiple guards

becomingsimultaneouslytrue, the choiceof which single guardedcommandto execute

is non-deterministic.

2.4. The Tangram compilation function

The Tangramcompilation function definesthe syntaxdirected mappingfrom Tangram
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commandsinto theirhandshakecircuit implementation.Sucha mappingpreservestheform

of theoriginalTangramdescriptionin theimplementationandsoplacestheburdenof higher

leveloptimisationonthedesigner. Thisrelianceontransparentcompilationtoparameterised

macromodularcomponentsandthedesign– compile– evaluateloop for handoptimisation

(whereanautomatedroutemayhaveaniteratingcompilerorback-endoptimiser)isdistinctive

to Tangramin thefield of hardwaredescriptionlanguages.

Thefunctiondescribedhereis thatoutlinedby vanBerkel in chapter7 of [28]. Thisfunction

has an ‘active ported’ nature and employs both push and pull channelsconnectedby

passivatingPassivator,SynchandCall treeswherecompositionof commandsdemands.The

transformationrulesfall into threeroughcategories:

Compilation of the basiccommands.

The basiccommandsconnectchannels,variablesand expressionstogetherto form

singlecommandswhichhaveanactivationandexternalportssimilar to thecomponents

describedin §2.2.

Compilation of the compositionalcommands

The compositionalcommandshave the task of combining commandsto form a

singlecommand.Accessesto sharedchannels,variablesandportsmust be resolved

andcombined.

Compilation of expressions

Expressionsarecomposedin a similarmannerto compositionalcommandsexceptthat

their activationmustcarrya resultvaluebackto the commandin which they appear,

alsoexpressionsmakenoaccessesto channels.Tangramexpressionshaveapull nature

andassuchthey alwayshavetheform of atreeof datapathcomponentsconnectingread

portsof variables(eachvariablebeingaconcretecomponent,aVariable)toasingle,pull,

activationportwhichreturnstheresultof theexpression.

In additionto thesecategoriesthereis thecompilationof ablockenclosingchannel,variable

andportdeclarationswith acommandin thatcontext. Thisentailstheconnectionof dangling

channelsconnectedto pointswithin a commandwhich accessvariablesor channelsto the
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componentscreatedby thedeclarationsof thosevariablesor channels.Thisresultsin asetof

componentswith fewerdanglingchannelsandunresolvedaccesses.

2.4.1. The basic commands

Input,outputandassignmentareimplementedin a similar manner. A Fetchcomponent(a

transferrer)transferstheresultof anexpressionto achannelor variable,thatchannelvalueis

pickedupby anothertransferrerat thefar endof thecommunication(or transferreddirectly

intoavariablein thecaseof assignment).Theuseof anactiveportedtransferreriswhatleads

usto thepush/ pull activeportedimplementationof Tangram.Muchoptimisationeffort can

be appliedto reducingcompositionsof transferrersandconnectingcomponentsto a form

morelikeanassignment(theequivalenceof assignmentandapoint-to-pointcommunication

wasmentionedin §2.3.1.2). Nonputcommunicationcanbeimplementedby connectingthe

command’sactivationto thechannelonwhich thecommunicationis to takeplace.

The commandsstop and skip are implementedby the Halt and Continuehandshake

componentsrespectively. Halt is the empty componentwhere the incoming requestis

unconnectedandtheacknowledgeis tiedoff. Continue,ontheotherhand,loopsbackrequest

to acknowledgeandsofulfils its roleasNO-OPin thecomponentset.

Sequencingandconcurrency introducethenotionsof combiningtheaccessesmadeby two

commands(andtheir activations)into a singlecommand.Theactivationsof thecomposed

commandspresentno problems,SequenceandConcurcomponentsfan a singleactivation

(thatof thecompositecommand)into themultiple activationsof thecontainedcommands.

Theaccessesthosecommandsmaketosharedvariablesandchannelsareresolvedatthispoint

by theconnectionof channelaccesseswith Synch,Call andPassivatorcomponents(it is not

theintentionto detailthisprocesshereasit is essentiallythesameoneusedby Balsa). The

functionsMix andJoin (whicharedetailedin §7of [28]) specifythemannerin whichaccesses

arecombinedfor sequentialandconcurrentcommandcompositions.

2.4.2. The compositional commands

The remaining compositionalcommands(other than sequencingand concurrency) are

implementedin a similar mannerto the sequenceand concurrentcommands.Special
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componentsexist for theimplementationof eachcommand(Loopfor unboundedrepetition,

While for the do loop …) wherecommandsand expressionsare combinedto give the

uniform: passive activation, external instancereference,active ported compositions. A

point of interesthereis the way that the activation of a compositecommandenclosesthe

activationsof the commandsof which it is composed.This allows repetitionby repeated

activation of the command. The conditional commandsare implementedby effectively

sequentiallycombiningtheaccessesmadeby thecommandsof eachchoicethusreflecting

the sensethat they aremutuallyexclusive in a similar mannerto the disjoint activationof

sequencedcommands.

2.4.3. Expressions

Expressionsarekeptrelativelysimplein Tangram.Therearenoconditionalexpressionforms

orstateholdingelements.Indeedit is impossibleto implementthedata-drivennatureof other

descriptive paradigmswithout placingexplicit communicationcommands.Thepull nature

of Tangramexpressionsdoesallow us a singletransferrerto implementassignment.This

singletransferrermakesit easiertosequenceoperationsby thecontrolof thesingleactivation

of that transferrerratherthanhaving to monitorall of the incomingcommunicationsto the

assignment’s expressionaswould be necessaryin a datadriven system.Resultsare,asa

consequenceof this assignmentimplementation,only generatedwhenrequested.Any data

drivenor parallelcomputationmustbe explicitly codedfor by the designer. The tradeoff

betweena pull / transferringimplementationandthe optimisationpossibilitiesinherentin

mappingfamiliarpatternsof suchimplementationsinto push(datadriven)componentssuch

asthoseusedin theMicropipelinedesignstyleremainsaninterestingfield of research.

Thelackof conditionalsin expressionscanbeparticularlyannoying. Consideranadderwhich

canconditionallycomplementoneof its inputs1:

case invert
is true then result := lhs + rhs
or false then result := lhs + complement (rhs)

1Thefunctioncomplement isusedhereto invert thebitsof thewordrhs. Theuseanddeclarationof functionsand
thelackof abitwisecomplementoperatorarenot relevanthere.
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esac

This will yield a functionally correctimplementationalthoughtwo adderswill be placed

insteadof oneasthe‘+’ symbolappearsin thedescriptiontwice. Alternativeimplementations

with asingleadderrequireanextravariabletoholdtheintermediateresultof complementing

(or not)rhs beforeperformingtheaddition. With aconditionalexpressionoperator(similar

to theternary? : operatorin C) wecouldrewrite thisexample:

result := lhs +
if invert then complement (rhs) else rhs

Tangramdoesnot have thisexpressionform andBalsadoesnot addit. Adding conditional

expressionsto thelanguagewould restricttheability to addcommunicationprimitivesto the

languageof expressionsandfor themeaningof thoseexpressionstobebothclearandsimple

to implement.Considerthecaseof a conditionalexpression,whereonebranchperformsa

communicationbut theotherbranchdoesnot. Shouldtheconditionalexpressionevaluateall

its guardedexpressionsin parallelwith theguardthenmake a choice,leadingto a possibly

unintendedcommunication?Alternatively, shouldonly thechosenexpressionbeevaluated

so sequencingthe evaluation of guard and guardedexpression?When the guard itself

containsa communicationthe sequenced/ concursedbehaviour of the guardandguarded

communicationsmustbemadeclear.

TheBalsaenclosinginput selectionmechanism(which is describedin §3.2) doesallow one

futherform for thisexample:

local channel processedRhs : someType
begin

if invert then processedRhs <- not rhs
else processedRhs <- rhs ||
select processedRhs then

result := lhs + processedRhs
end

end
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WherethechannelprocessedRhs isusedtocarrytheright handsidevalueto theaddition

wherenovariableis requiredto hold its valuedueto theuseof theselect mechanism.

2.5. Chapter summar y

This chapteris very mucha whistle-stoptour of theconceptsandterminologysurrounding

handshakecomponents.Specialnoteshouldbetakenof:

• Thechangeof handshakecomponentnamesfrom Tangram.

• Thesimplifiedform of thenotationof handshakeprocesscalculusdescribed.Thisis the

only behaviouralnotationusedin theremainderof thisthesis.

• Thetermstype,directionandsensefor port structures.

• Thetermspushandpull for channelcommunications.

Every effort is madeto useboth the notationandterminologyof this chapterconsistently

throughoutthebodyof thethesis.
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TheBalsalanguagewasdevelopedasaresponseto aneedfor a languageto replaceTangram

in anexistingTangramapplication,viz. thesingle-railimplementationof Tangramhandshake

circuitscarriedout by The University of Manchesterunderthe EXACT project. As such

BalsastronglyandshamelesslyresemblesTangramandcanbeconsideredto beanextension

of that language.This chapterdescribesthesyntaxandsemanticsof Balsaby comparison

with Tangram.

The main features which Balsa brings to Tangram are outlined along with their

implementationsin handshakecomponents.Thesefeaturesincludeaninputcommunication

selectionmechanismsimilar to the Ada rendezvous, arrayedchannelsand support for

betterparameterisationandseparatecompilation.Theseadditionsaddressspecificpractical

requirementsfromthelanguage.In thecaseof inputselectionanumberof examplesaregiven

to illustratetheuseof thenew feature.

3.1. Balsa as an extension of Tangram

TheBalsalanguagecanbeviewedasofferinganextensionto thefunctionalityof Tangram.

Balsasharesthe samechannelcommunicationsand ‘activation orientated’control flow as

Tangramalongwith many of the samecontrol compositioncommands.For compilation

to handshake circuits the sameactive portedcompilationtechnique(asoutlined in §2) is

used.At thetop-level Balsahasnoconceptof theprogram.A designmayconsistof many

files containingprocedure/ type/ constantdeclarationswhich cometogetherin a top-level

procedurewhich composesdescribedthestructureof thedesign.This top-level procedure

would typically be at the endof a file which import s all the other relevant designfiles.

This importing featureformsa simplebut effective way of allowing componentreuseand

mapssimplyontothenotionof theimportedproceduresbeingeitherpre-compiledhandshake

circuitsor existing (possiblyhandcrafted)library components.This approachis similar to

theuseof headerfilesin theClanguageor DEFINITION modulesin Modula2. Declarations

haveasyntacticallydefinedorder(left to right,toptobottom)with eachdeclarationhaving its
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scopedefinedfrom thepointof declarationto theendof thecurrent(or importing)file. This

givesusthesamesimple‘declarebeforeuse’rule of C andModula althoughBalsahasno

facility for ‘prototypes’which areusedin C to facilitatethedefinitionof mutuallyrecursive

functionsanddatatypes.‘Declarebeforeuse’ismorerestrictivebut easierto implementthan

thesimultaneousdeclarationsof JavaandVHDL.

EachBalsadesignfile hasthisform1:

〈file〉 ::= 〈imports〉 〈privates〉 〈publics〉

〈imports〉 ::= ( import [ 〈path〉 ] )*

〈privates〉 ::= ε

| private 〈declarations〉

〈publics〉 ::= ε

| public 〈declarations〉

Theimport list 〈imports〉 for afile precedesany declarationscontainedin thatfile, simplifying

the handling of name-spaceconflicts which may occur betweenimported and local

declarations.Thefile thencontainsanoptionalsetof privatedeclarationswhich arevisible

only to subsequentdeclarationsin theremainderof thisfile anda setof publicdeclarations

which are〈import〉ableby otherfilesoncethisfile hasbeencompiled.The〈path〉 givenin an

import statementis a dot separateddirectorypathto the file required. For example,the

statementimport [breeze.types.synthesis] appearsin all Breezeoutputfiles

to import the parametertypesnecessaryfor the Breezehandshake components.The file

examinedby this statementwill be ‘…/breeze/types/synthesis.breeze’wherethe ‘…’ is the

first directoryin a givensearchpath(givenasanargumentto thecompileror by way of an

environmentvariable)for which the completedpathrefersto an existing Breezefile. This

dottedpathsearchmethodis similar to that of Java exceptthat Balsadoesnot implement

Java’s notionof multi-file packages.It wasfelt that a simple,file orientatedstructuringof

designswasanimprovementoverboththepackagingmechanismof VHDL (for whichthere

1An extendedform of BNF is usedto describevalid syntaxin this chapter. A term ( a ) ∗ denoteszeroor more
repetitionsof theterma and( a )? indicatesthattheterma is optional.
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is no standardmappingto the notion of the file) and the C preprocessorlike mechanism

of Verilog.

3.1.1. Declarations

〈declarations〉 ::= ( 〈declaration〉 )*

〈declaration〉 ::= type 〈identifier〉 is 〈type_decl_body〉

| constant 〈identifier〉 = 〈expression〉 ( : 〈type〉 )?

| procedure 〈identifier〉 ( ( 〈formal_ports〉 ) )? is 〈block〉

Declarationsintroducenew type,constantor procedurenamesinto the global namespaces

fromthispointuntil theendof theenclosingblock(orfile in thecaseof top-leveldeclarations).

Therearethreedisjointnamespaces:onefor types,onefor proceduresandathird for all other

declarations(just constantsfor top-level declarationsbut for procedurelocal declarations

this includesvariablesandchannels).Thesyntacticdistinctionsmadeby thelanguageasto

wheretheuseof type,variableandprocedurenamesmaybeusedmakestheuseof multiple

namespacespossible.Whereadeclarationwithin anenclosed/ innerblockhasthesamename

asonepreviouslymadein anouter/ enclosingcontext thelocaldeclarationwill hidetheouter

declarationfor theremainderof thatinnerblock.

Constantdeclarationsbind values(which may be of any type) to names.The valueof a

constantistakenfromacompiletimeconstantexpression.Thetypeof suchanamewhenused

in anexpressionwill bethesameasthe〈expression〉 whosevaluewasboundto thatname,the

inclusionof the〈type〉 termof a constantdeclarationis usuallyusedto exploit compiletime

typecheckingto suggestor enforcea typefor theconstant.Constantsdeclaredin thepublic

bodyof afile areexportedto thebreezeoutputfile. Constantdeclarationsusethesymbol‘=’

tosignify thatabindingof avaluetoanameismade.Typesandproceduresarenotfirst class

‘valued’objectsin Balsaandsotheseparator‘is ’ is usedin theirdeclarations.
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〈type_decl_body〉 ::= 〈type〉

| record 〈record_elements〉 ( end |over 〈type〉 )

| enumeration 〈enum_elements〉 ( end |over 〈type〉 )

〈type〉 ::= 〈identifier〉

| 〈expression〉 ( signed )?bits

| array 〈range〉 of 〈type〉

Theover 〈type〉 terminatedform of recordandenumerationdeclarationsallowstheuserto

specifya boundingtypefor thatrecordor enumeratedtype. Theboundingtypeis sonamed

becauseit providesamaximum,bounding,limit to thesizeof thedeclaredtype. Thisisuseful

to bothallow thecreationof typeswhich arepaddedto a givenwidth andto preventrecord

andenumerationtypesfrom exceedingamaximumwidth by allowing theusertospecifythat

width,for example:type a is record b,c : byte over 17 bits declaresatype

a whichhas16usefulbits in two elementsb andc . Theboundingtypeis 17 bits andso

any valueof typea haswidth 17,themostsignificantbit beingapaddingbit. If arecordtype

is subsequentlydefinedwhichhaselementsof typea, thoseelementswill eachhavea width

of 17bits sointroducingpaddingbits into thebodyof thenewly declaredtype. For record

typedeclarationsthesepaddingbitscanbeexplicitly includedasa redundantelementof the

type,thiswill howeveraffect thesyntaxof recordconstructionexpressionsandalsoforcethe

compilertotestfor matchingof readandwriteaccessestothoseelements.Enumerationtypes

with paddingcanalsobedeclaredby includinga redundantelementof the requiredwidth

in theenumerationdeclaration,theover syntaxis therebyjust syntacticsugar. Thewidth

of theboundingtypemustbegreateror equalto thewidth of therecordor enumeratedtype

it bounds.

The term 〈type〉 is usedwherea pre-declaredor aliased(numeric/ array)type is required.

Recordandenumeratedtypescannotbealiasedandsoa recordor enumerationdeclaration

is only valid within thetypedeclarationbody.

3.1.2. Typing
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3.1.2.1. Numeric types

Numerictypesincorporatenumbersovereithertherange[0, n2 − 1] or n−1[ − 2 , n−12 − 1] (n ∈

[1, INT_MAX], ona32bmachinen ∈[1, 322 − 1]). Namednumerictypesare(for thepurposes

of typeequivalence)just aliasesof unnamedtypesof thesamerange.Examplesof numeric

typesare:

8 bits givestherange 8[0, 2 − 1]

or 8 signed bits givestherange 7[ − 2 , 72 − 1]

Numerictypesarethemostcommonlyusedclassof typesin Balsadescriptions.They allow

theuserto simplydeclarea bit granulargeneralpurposenumericrange.Theintentionhere

is to reflecttheconcretenatureof theimplementationby notallowing numericrangeswhich

donotreflecttherangegranularityinherentin abinaryimplementation.Numerictypesserve

a role similar to thesimplebit orientatedtyping usedby Verilog andto someextent thebit

vectorsof VHDL.

3.1.2.2. Enumerated types

Enumeratedtypesconsistof namednumericvalues.Enumeratedtypesmustbegivennames

andarethereforechecked for equivalenceby name. The namedvaluesof an enumeration

aregivenvaluesstartingat zeroandincrementingby onefrom left to right in thesameway

asfor the languageC. Namescanbe individually boundto specificnumbersat the point

of declarationandmany namescanbegiven to thesamevalue. Eachenumeratedtypehas

an associatednumerictype which is the smallestnumerictype which will hold all of the

enumerationvalues.Theidentifiersassociatedwith theelementsof anenumerationonly take

theirmeaningaspartof theenumerationwherea valueof thatenumeratedtypeis expected.

For instance,if a hastypeColour whichwasdeclared:

type Colour is enumeration
Black, Brown, Red, Orange, Yellow, Green,
Blue, Violet, Purple=Violet, Grey, Gray=Grey,
White

end
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Thecommanda := Grey is valid andassignsthevalueof theGrey elementof Colour

(viz. 8) to a. Thecommanda := Colour’Grey is alsovalid asit specificallyqualifies

theidentifierGrey asbeinga memberof Colour , this is usefulin thecontext of constant

declarationswhereaspecifictypeis indicated:

constant NkMMultiplier = Colour’Red

beingequivalentto constant NkMMultiplier = Red : Colour

Notethat in thesecondcasethe‘: Colour ’ is partof thesyntaxof constantdeclarations

ratherthana typequalifierfor theright handsideexpression.

Theimplementationof enumeratedtypespreservesthedirectnessof translationintohardware.

Theusercanassignspecificvaluesto specificelementsof theenumeration.Theusermay

alsodefinethenumberof bitsusedby theenumerationby eitherspecifyingelementswithin

acertainrange(for which thesizeof the‘smallest’numerictypewhichcancontainall those

valuesis used)or by explicitly providing a boundingtype. Enumerationsdo not,however,

exhibit the‘specialtype’/ numerictypedualitythatANSI Cenum typesenjoy. Enumerations

may only be used in numeric expressionsby explicit type casting. The identification

of an enumerationelement’s type by context and the sharingof elementnamesbetween

enumerationtypesis a featuretakenfrom VHDL.

3.1.2.3. Recor d types

Recordsare bitwise compositionsof namedelementsof possiblydifferent pre-declared

typese.g.:

type Resistor is record
FirstBand, SecondBand, Multiplier : Colour;
Tolerance : ToleranceColour

end

Resistor has four elements:FirstBand , SecondBand , Multiplier of type

Colour and Tolerance of type ToleranceColour . FirstBand is the first
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elementandsorepresentstheleastsignificantportionof thebitwisevalueof a valueof type

Resistor ,R15.SecondBand will givetheSecondBand valuefromvalueR15 of type

Resistor .

Recordsaresimilar to C struct swith bitfieldsexceptthata definedorderandpackingfor

theelementsof thetypeisdefined.TheBalsarecordstructureis intendedto besimilar to the

tupledtypeconstructionusedin Tangram(albeitwith namedfields).

3.1.2.4. Arra y types

Arraysarenumericallyindexedcompositionsof same-typedvalues.Arrayscanbecreated

anonymouslyaswith numerictypes;array 0..7 of SomeType is an arraytype of

8 elementsindexedacrosstherange[0, 7], eachelementhastypeSomeType. Arraysare

typically usedasthebasisof registerbanks(or otheraddressableregistersystem)andwith

arrayslicingto allow arbitrarybitfield extraction,for example:

((instruction as array 0..31 of bit)[31..28]
as InstructionType)

performsatypecastonthevalueinstruction intoabitwisearrayfromwhicha4bit slice

is extractedandcastinto thetype InstructionType . Notethat theorderof theindices

in asliceoperationis irrelevant,[0..31] isequivalentto [31..0] . In generalBalsapacks

all compositetypedstructuresin a leastsignificantto mostsignificant,left to right manner.

Array typesallow thecreationof indexablevariablesin Balsabut alsoallow bit extraction

from wordsin a similar way to thesimplebitwisetypesof Verilog andthe identicaluseof

arrays(with indexing andslicing) in VHDL. A Tangramdescriptionrequiringbit slicing

wouldtypicallyrequirethedeclarationof anew (tupled)typeandacastintothattypefollowed

by an elementextraction. The addition of array slicing makes the declarationof a new

typeunnecessary.

3.1.3. Procedures

Proceduresform the bulk of Balsadescription.Eachprocedurehasa name,a setof ports
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and an accompanying behavioural descriptionin the sameway as Tangram. Procedure

declarationsfollow thispattern:

〈declaration〉 ::= …

| procedure 〈identifier〉 ( ( 〈formal_ports〉 ) )? is 〈block〉

〈formal_ports〉 ::= 〈port〉 ( ; 〈port〉 )*

〈port〉 ::= ( input |output ) 〈identifiers〉 : 〈type〉

| array 〈range〉 of ( input |output ) 〈identifiers〉 : 〈type〉

| sync 〈identifiers〉

| array 〈range〉 of sync 〈identifiers〉

〈identifiers〉 ::= 〈identifier〉 ( , 〈identifier〉 )*

〈block〉 ::= ( local 〈local_declarations〉 )?begin 〈command〉 end

| ( 〈command〉 )

〈local_declarations〉 ::= ( 〈local_declaration〉 )*

〈local_declaration〉 ::= 〈declaration〉

| variable 〈identifiers〉 : 〈type〉

| channel 〈identifiers〉 : 〈type〉

| array 〈range〉 of channel 〈identifiers〉 : 〈type〉

| sync 〈identifiers〉

| shared 〈identifiers〉 is 〈block〉

Theappearanceof proceduredeclarationsis superficiallysimilar to proceduredeclarations

in VHDL. Eachproceduremay have a numberof ports(eachof which canbe connected

to a channel),the sync keyword introducesnonputchannelsin Balsa. Both nonputand

data-bearingchannelscanbemembersof ‘arrayedchannels’(thosedeclarationsin theabove

BNF which includethe array keyword). Arrayedchannelsallow numeric/ enumerated

indexing of otherwisefunctionallyseparatechannels,arrayedchannelsareexplainedfurther

in §3.1.5.2.

Proceduresmay alsobeara list of local declarationswhich may includeotherprocedures,
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type and constantdeclarationswhich will never appearin an output breezefile or exist

outsidethescopeof thatprocedureaswell asthevariable,sharedblock,channelandarrayed

channeldeclarationslocalto the〈command〉. Localchannelsmaybearrayedin thesameway

asports.

TheubiquitousTangramsingleplacebuffer lookslikethisin Balsa:

type word is 8 bits

-- This is a comment: Single place buffer
procedure buffer (input i : word; output o : word) is
local variable x : word
begin

loop
i -> x; -- Input communication
o <- x -- Output communication

end
end

With theexceptionof syntacticchangesthisdescriptionisessentiallythesameastheoriginal

Tangramprogram,which hasa similar form to eithera CSPor OCCAM descriptionof the

samebehaviour. For the majority of straightforward input – process– outputdescriptions

the Balsadescriptionwill be virtually identical in form to the Tangramdescription.The

comparablecommandsof thetwo languagesarelistedin [tab. 3.1].

3.1.4. Tangram features missing from Balsa

Balsalacksanumberof featuresfoundin thefull versionof Tangram.In mostcasesusesof

suchfeaturescanbereplacedby useof eitheranalternatestyleof descriptionor by theuse

of constructspresentin Balsawhicharenotpresentin Tangram.

Notableexamplesare:

3.1.4.1. Variab le procedure arguments

Variablescannotbepassedto proceduresasarguments,only channelscanbeconnectedto

procedureports.For aprocedurewhichaccessesthesamevariablemultipletimes(especially
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Tangram Balsa Notes

a?x a->x x mustbeavariable.

b!y b<-y y is an〈expression〉
c~ sync c

stop halt

skip continue

z := e z := e No implicit type cast is

performedin Balsa.

A ; B A ; B

A || B A || B || hashigher precedence

than;

forever do … od loop … end

if … then … or …

then … else … fi

if … then … also …

then … else … end

without an else clause

Tangramdefaultsto else

stop , Balsa defaults to

else continue

do … then … or …

then … else … od

while … then … also

… then … else … end

case … of … then …

or … then … else …

esac

case … of … then …

also … then … else

… end

Balsaallows guardsof the

form 1,2,3..6

Table 3.1. Commands in Balsa and Tangram

in parallel)morethanoneport mustbe presentfor eachaccessto the samevariable. This

makestheport structureof a proceduredependenton theinternalvariableaccessbehaviour

whichcanbeconsideredto bedetrimentalto theaimsof ‘separatecompilation’.

3.1.4.2. Tuples and sim ultaneous assignment

TheTangramstatement<<a,b>> := <<c,d>> will assignthecurrentvalueof expression

c to variablea andlikewised to b. Thisform of assignmentdependsontheconstructionof

ananonymoustupletypedexpressionfromtheexpressionsc andd aswell astheconstruction

of anassignableexpression(anlvalueor location)from variablesa andb. Balsahasneither
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anonymoustuplesnorcompositetypedlvalues.Parallelassignmentmustbeachievedby the

statement:a := c || b := d. Theslipperysubjectof structuraltypecompliancein a

typesystemwith asinglebit typesizegranularityis therebyside-stepped.

3.1.4.3. Implicit type-casting

Theonly form of implicit type-castingpresentin Balsais thepromotionof numericliterals

underanexpectationof a wider numerictype,for example:a := 32 wherea hastype32

bits is valid becausetheright handexpressionis expectedto havethesametype,isa literal

numericconstantandhasaninherenttype(number32hastype6 bits ) which is narrower

than32 bits. Thishyper-strict typing togetherwith thetrinity of numeric,bitwisearrayand

recordtypingtypicalof many designdescriptionscanmakefor unwieldysequencesof explicit

casts.Consideran instructionregisterin a microprocessorwhich is loadedfrom a numeric

typechannelandfrom which fieldsareextractedby using‘mask’recordtypesor by bitwise

addressingusingan arraytype. Each‘masking’operationperformedon this registerwill

requireoneor morecaststo achieve. A simplercaseis theverysimpleassignmentstatement

x := x + 1. This is not valid Balsaasthetypeof anadditionof a 32bit (thex ) anda 1

bit type(theliteral 1) is 33 bits . x := (x + 1 as 32 bits) is thecorrectform

of suchanassignment.Thisstrictapproachto numerictypingtakesmuchof theguesswork

out of operationswhich have differentreturntypesfrom their arguments.In this particular

exampleit forcestheuserto remove(with a truncatingtype-cast)theextracarryoutbit from

theaddition.

The rd33 bit of a32 bits × 32 bits additionisthecarryoutof themostsignificantbit of

thataddition. Thiscarryoutbit canbeusedby castingtheadditionresultinto a recordtype:

type AddResult is record Result : 32 bits; Carry : bit
end
variable r : AddResult
…
r := (a + b as AddResult)

The expressionr.Carry will give the requiredcarry bit, r.Result yields the 32 bit

additionresult. A similarkind of recordtypecouldbeusedtoextractthemostsignificantbit
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of r.Result toproduceanegativeflag. By theuseof recordandarraytypes,bit extraction

canbemadeconsiderablylesspainful thanif explicit shiftsandmaskswerenecessary.

3.1.4.4. CSP like comm unication selection mechanism

Balsa replacesthe communicationguardedselectionof Tangram/ CSP with a similar

constructwhichforcestheguardingcommunicationtoenclosethebodyaction.Thisconstruct

is examinedfurtherin §3.2.

3.1.4.5. ram and reg distinctions for arrayed memor y access

Tangramprovidesdifferent declarationforms for arrayedmemorieswith different access

patterns.ram providesa singleread,singlewrite port memory(singlesimultaneousreador

write)possiblyimplementedwith anSRAM macrocell.reg providesfor multiplereadport

memoriesof thetypeusedin registerbanks.Balsaallowsvariabledeclarationsto havearray

types.Thearraytypecanbeusedto implementbothof theseformsof memory(althoughthe

implementationis with variablehandshakecomponentsandsoit is betterto providesupport

for SRAM throughanexternallydefinedprocedure)andalsoto allow bitwisemanipulation

of variables.

For thedeclaration:

variable z : array 0 .. 7 of 4 bits

z is a singlebit-vector32 bits in lengthconsistingof nibblesizedchunksnumbered0 to 7

fromleasttomostsignificantbit places.z canbecastintoa32bit typewithoutlossof bitwise

representationandcanbeslicedandcastintoothersizedtypes,e.g.z[1..2] returnsaslice

of z of typearray 0 .. 1 of 4 bits (arrayslicesalwaysreturnarrayvalueswhich

arebasedat index 0. Typecompliancefor arraytypesonly considersthenumberof elements

andtheelementsizenot theexact rangeof indices). Theway in which arraytypeaccesses

areimplementedusingslicesof variablesis outlinedin §4.3.1.3.
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3.1.5. Balsa features not present in Tangram

Balsaincludesa numberof featuresnot presentin Tangram,theseenhancementsinclude

mechanismsfor supportingbettercodereuse,parameterisationandtheinterfacingof Balsa

with existing‘handshakecomponentinterfacewrapped’partsandraw handshakecomponent

netlistsinto Balsadescriptions.

3.1.5.1. Separate compilation

The breezeintermediatefile format is both the target and moduleformat for the balsa-c

compiler. Pre-compiledBalsa modulesas well as cells already in the back-endCAD

framework’sdatabasewhichhavehandshakecircuitwrappers,canbepickedupbyotherBalsa

descriptionsfor reuse.Reusecaneither imply the inclusionof the handshake component

network from the includedbreezefile producinga flat HC netlist or by referenceto the

imported breezefile’s declarations.Breezehas an intentionally simple format to allow

parsingby simplescriptswithout knowledgeof the original Balsaport typing other than

portwidths.

3.1.5.2. Arra yed channels

As previouslystated,procedureport andprocedurallylocal channelsmaybearrayed. That

is they may consistof several distinct channelswhich canbe referredto by a numericor

enumeratedindex. Thisis similar to thewayin whichvariablescanhaveanarraytypebut in

thecaseof arrayedchannelseachchannelis distinct for thepurposesof handshaking,each

indexedchannelhasno relationshipto theotherchannelsin thearrayedport / local channel

otherthanthesinglenamethey share.Thesyntaxfor arrayedchannelsis differentto thatof

arraytypedvariabledeclarations,thismakesit easiertodisambiguatearrays(whicharetypes)

from arrayedchannels(wherethearrayingis a featureof thedeclaration).As anexample:

array 0 .. 3 of channel ArrayedChannel
: array 0 .. 3 of nibble

declaresfour channelsArrayedChannel[0] to ArrayedChannel[3] eachof the
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16bwidetypearray 0 .. 3 of nibble .

3.1.5.3. Type system features

Theenumeratedandrecordtypeclassesdescribedin §3.1.2arenotpresentin Tangram.The

Tangramtypesystemis basedon anonymoustupleswith positionallynumberedmembers.

Thearrayandarrayedchannelfeaturesarealsonotpresentin Tangramalthoughtheram and

reg keywordsdoallow for arraysof variables(see§3.1.4.5).

3.1.5.4. The for command

The for commandis similar to the for … generate …statementof VHDL [20]

[21] or to a lesserextent the forpar and forseq expressionsof LARD [35]. for is a

structuralcommandunlike repeat andfinds its majority of applicationsin allowing the

parameterisationof pipelines.Thecommandhasthefollowing form:

〈for_command〉 ::= for ( || | ; )? 〈identifier〉 in 〈range〉 then 〈command〉 end

The generatedbody commandscan be either sequentiallyor concurrently composed

dependingonthekeywordfollowing thefor keywordin a for command(concurrentlyfor

‘|| ’, sequentiallyfor ‘; ’ or nokeyword).

An n placebuffer (n ≥ 2) usingthebuffer declarationfrom §3.1.3, arrayedchannelsand

thefor commandlookssomethinglikethis:

constant n = 5

-- buffer_n: n place buffer using procedure buffer
procedure buffer_n ( input i : word; output o : word ) is
local array 1 .. n-1 of channel ichan : word
begin

buffer (i, ichan[1]) || -- First buffer
buffer (ichan[n-1], o) || -- Last buffer
for || i in 1 .. n-2 then -- i th buffer

buffer (ichan[i], ichan[i+1])
end

end
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The for commandallows the repeatedplacementof a numberof instancesof a body

〈command〉 with theactivationsof theseparateinstancesconnectedby eitherasequenceror a

concursor(dependentonthechoiceof eitherfor ; or for || formsof thefor command).

Thegivenidentifier isboundasaconstantwithin eachinstanceof thebody. The〈range〉

dictateshow many occurrencesof thebodyareplacedandalsothevalueof theboundconstant

in eachinstance,for sequentiallyplacedcommandsthebodycommandswill beexecutedwith

theboundconstanttakingascendingvaluesacrosstherangeof the〈range〉 term. The〈range〉

termmayrangeovernumericor enumeratedtypes.

3.2. Input choice with select

The Balsa select construct is similar to the selection mechanismpresent in the

MicropipelinelanguageYellow [18] (andby furtherelaborationthat of taskentryselection

in Ada [24]). This form of selectionwaschosendue to its flexibility (see§3.2.2) and for

thelow costof its implementation(see§4.3.3and§3.2.3). Theselect commandhasthe

following form:

〈select_command〉 ::= ( select |arbitrate ) 〈select_terms〉 end

〈select_terms〉 ::= 〈select_term〉 ( also 〈select_term〉 )*

〈select_term〉 ::= 〈channel_guards〉 then 〈command〉

〈channel_guards〉 ::= 〈channel_name〉 ( , 〈channel_name〉 )*

〈channel_name〉 ::= 〈identifier〉

| 〈identifier〉 [ 〈expr〉 ]

As an example: (where lower case letters are channelsand upper case letters are

commands.)

select a,b then A
also c then B
also d then C
end
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Whenencountered,theselect commandwill wait for oneof itsguardconditionstobecome

true. Thisimpliesthatall thechannelslistedin oneof thecommands〈channel_guards〉 terms

mustbecomecapableof providinganinput. Thechannelslistedin each〈select_term〉 mustbe

disjoint from all otherchannelsetsin thesameselect commandandeachchannelmustbe

capableof aninput communication.After theguardbecomestrue,thecommandassociated

with thatguardwill beexecutedandoncethiscommandhascompletedcontrolreturnsto the

commandsequentiallyfollowing theselect command.

3.2.1. Diff erences from Tangram select

Thisbehaviour is differentfrom theTangramselectconstructin severalways.

3.2.1.1. No output selection

Only inputselectionis permitted.Outputselectioncanbesimulatedwith apairof channels,

onearequestandtheotheraresponsewith a〈select_term〉 of theform:requestthen response

<- expression. Output selectionwould requireeither the output commandto be the last

actionof theguardedcommandor for theoutputvaluetobestoredpendingcompletionof the

guardcommunications(seethefollowing noteonenclosure).Thefirst optionwould require

potentiallycomplicatedanalysisof thecommandstructuretoensurethefinalactionisactually

theguardingcommunicationandthesecondtheadditionof extrahardwareandcontrolto the

select implementation.

3.2.1.2. Multiple guar d channels

Eachguardmayconsistof multipleinputchannels.Thisisparticularlyusefulwherenochoice

is requiredbut thepassive inputsemanticsof guardborneinputchannelsis desired.

3.2.1.3. Guard enclosure

The input communicationson the guard channelsfor a given commandenclose the

commandfor that〈select_term〉. Thisbehaviour allowstheprocessat thesourcingendof the

communicationto bestalledby theactionof thecommand.Thevaluespresenton theinput
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channelscanbemadeaccessibleto thecommandasread-onlyvariableswithoutimposingthe

costof avariableor multiplecommunicationsof thesamevalueacrosstheinputchannels.

3.2.1.4. Lack of arbitration

The choiceoffered by select is unarbitrated.Substitutingthe keyword arbitrate

for select doesallow a two way arbitratedchoiceto satisfy the fundamentalneedfor

arbitrationin someformsof description.For theunarbitratedselect , behaviour in thecase

wheretwo or moreguardsbecometruesimultaneouslyis undefined.Thecaseof a second

guardbecomingtrueduringtheexecutionof acommandassociatedwith adifferentguardis

similarly undefined.Both of thesecasesmayoccurin a descriptionin which two inputsare

unsequencedby theenvironment. It is, therefore,importantthatanenvironmentalconstraint

guaranteeingmutualexclusionof communicationson the channelguardsetsbe presentto

ensurecorrectbehaviour of thecircuit.

Thelackof arbitrationallowsaverylow overheadimplementationof selectionin thosecases

wheretheenvironmentdoesimply mutualexclusionof guardcommunicationsyet punches

a sizableholein thesimple,compositionalresourceaccessinterferencecheckingperformed

onparallelprocesses.Guardedcommandsareconsideredtobestrictlymutuallyexclusiveby

thecompilerandsomayinterferewith oneanotherif mutualexclusionisnotenforced.In the

absenceof amechanismfor describinghigher-level constraintsoncircuit behaviour thelack

of arbitrationallowsdesignersto applytheir knowledgeof suchconstraintsto producemore

compactandefficientimplementations.

3.2.2. Uses of selection

The select constructallows the descriptionof Micropipeline-like componentswith

passive inputs and active outputs:this increasesthe expressivenessof Balsadescriptions

by both allowing selectionof flow of control by input arrival orderandby allowing input

communicationswithoutavariable.Compare:

a -> v ; A

with select a then A end
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The first commandperformsthe communicationand operationA in seriesallowing the

componentat thefar endof a to proceedwhilst A is beingexecuted,thesecondcommand

forcesthecomponentat thefar endof a to stallwhilst executingA. This featureallows the

omissionof thevariablev andtheuseof sharedresourcesbetweenthefar endcomponent

andA to beshown to bemutuallyexclusive, that is to saythat duringtheexecutionof this

communicationthesequentialprocessof whichthewrite endof thecommunicationis apart

performsno variableor channelaccessesotherthanthosepresentin theexpressionwhose

valueis communicatedalonga.

Considerthisexample:

-- top: shared resource failure
procedure top is
local

variable a : word
channel b : word

procedure procA (output b : word) is
begin

<A command manipulating a> ;
b <- <expr> ;
<A command manipulating a> ;

end

procedure procB (input b : word) is
begin

select b then
<A command manipulating a> ;
end

end
begin

procA(b) || procB(b)
end

HereprocessesprocA andprocB bothaccessthesharedvariablea. Thisexamplewould

not however beconsideredvalid by balsa-casthe two processesbothmanipulatea andso

(using the simple compositionalaccessinterferencerulesoutlined §2.3.1.4) their parallel

compositionisnotinterferencefree. If thepossibleorderingsof accessestoa areconsidered,

it is obviousthatprocB canonly accessa duringacommunicationwith procA onchannel

b. Duringsuchacommunicationnootherparallelprocesswithin procA (andalsonoother
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threadpresentin thebodyof processtop ) makesuseof a. Theaccessesto a can,therefore,

beseento beinterferencefree.

Theautomatedanalysisof suchcommunicationenforcedmutualexclusion(andalsosimilar

access-patternenforcedmutualexclusionenforcedbythealgorithmimplemented)of accesses

patternwouldbeausefuladditionto to thelanguagebut is notacurrentfeatureof balsa-c.

The select constructcan be usedfor both input choiceand choicelesspassive inputs.

Micropipeline-likeunbufferedinputpipelineelementsaremadepossible.Someexamplesof

theseusesare:

3.2.2.1. Input selection – the unb uff ered multiple xer

Thesetof handshake componentsusedin theTangramsystemincludesa pushmultiplexer

(ThePushMix Component).This is alsopartof thecomponentsetfor theBalsacompiler

(The CallMux component– Balsaback-endcomponentshave Micropipeline-like names

wherefunctionalityis similarto aMicropipelinedcomponent).Thismultiplexerimplements

a simpleunarbitratedchoicebetweentwo input ports. Thechoseninput channel’s valueis

thenoutputon themultiplexer’s third, active,outputport whilst blockingtheprocessat the

activeendof theselectedpassive input. Thisbehaviour requiresthatthecommunicationon

theinputguardchannelenclosestheoutputcommunicationandsosuggestsa form of select

languageconstructin whichtheguardisnotacommunicationbut simplyaprobeonaninput

channelwhich if trueinitiatesa singlecommunicationenclosingtheguardedcommand.In

handshakeprocesscalculusthismaybewritten:#[[x : A | y : B]] wherewithin A thevalueon

thechannelx is availableandlikewisewith command/ guardpairB andy.

In Balsathe(bytewide)unbufferedmultiplexer is described:

-- mux: Unbuffered multiplexer
procedure mux (input a,b : byte; output c : byte) is
begin

loop
select a then c <- a -- a and b behave like variables
also b then c <- b -- within their guarded commands
end

end
end
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The resultanthandshake circuit is shown in [fig. 3.1]. This implementationintroducestwo

new handshakecomponents:theFalseVariableandtheDecisionWait. Thesymbolsfor these

componentsandadescriptionof theirbehaviourscanbefoundin §3.2.3.

| c

mux ::

FV

DW

T

T

FV

a

b

Figure 3.1. mux implementation in handshake components

3.2.2.2. Unbuff ered choiceless pipeline elements – tupling element

In practice,pushpipelinecomponentscanoftenbeconstructedwithoutinputchoice.A Balsa

descriptionof apushcombine(input tupling)handshakecircuit couldbesomethinglike:

-- combine: Unbuffered input tupling procedure
procedure combine (input a : typeA; input b : typeB;

output c : typeC) is
begin

loop
select a, b then -- Wait for a and b

c <- typeC {a, b}
end

end
end

The handshake circuit implementationof combineis shown in [fig. 3.2]. Allowing select

commandswhich involve no input selectionallows the user to write descriptionswhich

incorporatetheenclosing-communicationbehaviour. In thecombineexample,no variables

arerequiredto receive thevalueson portsa andb andno sequencingof the {a, b} andc

communicationsis necessary. The removal of this sequencing(at leastoneSequenceand
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oneConcurcomponent)andvariablesassociatedwith the input communications(alsothe

potentialfor select specificoptimisations)allows moreareaefficient implementationof

suchdatadrivendescriptions.

FV

FV

a

b T
c

DW

combine ::

Figure 3.2. combine implementation in handshake components

3.2.2.3. Constructing Micr opipeline-like pipelines

An abstractpipelineis shown in [fig. 3.3]. Inputdataon inp is steeredthroughoneof thetwo

functionalunits( f 1 or f 2 ) basedon thevalueof a singlebit from theincomingbundle. The

resultsfrom the functionalunits arecaughtby the multiplexer at the backof the pipeline

andpresentedon the port out. The pipelinehasno internallatchesandso the multiplexer

neednot arbitratebetweenfunctionalunitsasonly onecanbeactive at any given time. A

possibleMicropipelineimplementationfor this pipelineis shown in [fig. 3.4]. Thetreatment

of the requestandacknowledgeasseparatesignalsandthe useof Select,Call andMerge

elementsmakesthis a typical exampleof a conditionallysteeredandjoinedpipelinein the

Micropipelinestyle.

f
1

2
f

1

inp out

0

1inp[7]

Figure 3.3. An example unbuffered pipeline

Thehandshakecircuit for thisexampleisshown in [fig. 3.5]. Themuxprocedurefrom §3.2.2.1
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is usedalong with threeother procedureseachusing the select commandto produce

moduleswith passiveinputs(noneof thesethreeselect scontainsaninputchoice,however).

Thedmxdemultiplexerprocedurecouldbedescribedlikethis:

-- dmx: Steering demultiplexer
procedure dmx (

input I : byte;
output O1, O2 : byte) is

begin
loop

select I then
-- Use top bit of I to choose output
if (I as array 7..0 of bit)[7]
then O2 <- I
else O1 <- I
end

end
end

end

Thebodyof theselect commandenclosestheI handshake. TheI valueissteeredtowards

theappropriateoutputby theoutputcommunicationsin theif command.Theif command

is implementedwith a Casehandshake componentwhich closely resemblesthe Select

Micropipelinecomponent.After optimisationthedmxprocedureis reducedto just thisCase

componentwith its outputrequestsappropriatelyconnectedto theoutgoingrequestsof O1

andO2. ThemuxprocedureissimilarlyreducedduringoptimisationtoaCallMuxcomponent

which resemblestheCall / multiplexer combinationshown in theright-handdashedbox of

[fig. 3.4].

This shows that we can producepushorientatedpipeline stageswhich have comparable

implementationsto manuallygenerateddesignsusingtheMicropipelinecomponentset. The

optionof includingarbitrarilycomplicatedoperationswithin theselect guardedcommands

(includingnon select-enclosedcommunicationsandcontrolorientateddescriptions)allows

usto sympatheticallydescribesolutionsnaturalto bothdatadrivenandcontroldrivendesign

styles.
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f
1

2
f

CALL

M

F

T
rinp

ainp

rout

aout

inp
out

inp[7]

Figure 3.4. Micropipeline implementation of the example pipeline

f
1

2
f

inp out

f1i f1o

f2i f2o
B

A

CmuxdmxI

O1

O2

Figure 3.5. Handshake circuit implementation of the example pipeline

3.2.2.4. Tangram-like selection

The Tangraminput selectionschemecan also be constructedin Balsa using the Balsa

select command:

-- t_select: Tangram-like selection
procedure t_select (input a,b : word) is
local variable c : bit
begin

select
a then c := 0

also b then c := 1
end ; -- release a/b, sequentially activate A/B
case c of

0 then A
also 1 then B
end

end

A gatelevel implementationof t_select involvestheuseof two 1bit datalatches:onein

themultiplexerfor theassignmentsc := 0 andc := 1 andthesecondfor thevariablec .
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It isdifficult toperformpeep-holeoptimisationsattheHCleveltoimproveonthiscircuitasthe

inefficiency (thepresenceof thesecondunnecessarylatch)isassociatedwith theignoranceof

thestatefulnatureof theimplementationof themultiplexer(CallMux)HC. Thelatchwithin

themultiplexerholdsa referenceto theinput port on which themostrecentcommunication

tookplace,thisreferencevaluedrivestheselectinputsonthedatamultiplexinggates.As the

inputsto themultiplexer HC areconstantthe latchcontentscouldalsobeusedto represent

therelevantinput constant.This is especiallyeasyto implementin thiscaseastheconstants

are0 and1whichmatchthelatchoutputvalues0 and1whichdrivea 2-1multiplexer. With

themultiplexer latchrepresentingtheconstantthevariablehandshake componentbecomes

unnecessary. Dual rail signallingmayoffer a simplesolutionto this optimisationproblem.

For a multiplexerwith constantinputsthecostof thedualrail implementationis lower than

thatof thesinglerail equivalent. No datamultiplexer steeringlatch is requiredandoneof

eachof thetwo signallingwiresandconsequentlyhalf of thegatesof eachdatapathbit can

beoptimisedaway.

3.2.3. Implementing selection

Selectionis implementedwith two new handshake components:TheDecisionWait andthe

FalseVariable. The symbolsfor thesetwo components(which are usedin context in the

implementationsof the muxandcombineexamplesin §3.2.2.1and§3.2.2.2) areshown in

[fig. 3.6].

read
0..n-1

out
0..n-1

width

width

n

write FV

signal

DW0..n-1

nn

inp

Figure 3.6. The FalseVariable and DecisionWait component symbols

3.2.3.1. The DecisionW ait handshake component

TheDecisionWait componenthasanactivationport,n passive handshake portsandn active

handshake ports. On receiptof the activationanda requeston one of the passive ports,a
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requestis raisedof theactiveport correspondingto thatpassiveport. Theacknowledgeand

synchronisedreturnto zeroon theactive,passiveandactivationportscontinuesin sequence.

DecisionWait hasthebehaviour:

#[ : [inp0 : out0 |

inp1 : out1 | … |

inpn−1 : outn−1

] ]

A DecisionWait with asinglepassive inp andasingleactiveoutport isequivalentto aSynch

component(aJOINin theTangramcomponentset). With morethanonepassive/activeport

theDecisionWait performsanunarbitratedchoicebetweentherequestsononeof thepassive

portsleadingto a requeston thecorrespondingactiveport.

Theimplementationof DecisionWaitneednotenforcemutualexclusiononits input inpports.

This mutualexclusionmustbeenforcedby theenvironment. Also notethat theexpression

: inpm : outm specifiesthe enclosureof a passive communication(inpm) within another

passive communication( ). Suchan enclosureis subjectto input reordering(wherethe

orderof a sequenceof inputscannotbe distinguishedbecauseof the assumptionof delay

insensitivity) andsowhatmayseemtosuggestthesequencingof activationandinphandshake

does,in fact,allow eitherof thebehaviours: r ; inpmr
or inpm; r.

In implementationa DecisionWait consistsof a onedimensionaldecisionwait [32] anda

merge. Thedecisionwait restrictsthiscomponentto atbestaQDI implementation.

3.2.3.2. The FalseVariab le handshake component

TheFalseVariableresemblesa normalVariablewith onepassivewrite port anda numberof

passive readports,it differshowever in thepresenceof an active ‘probe’port:signal. The

behaviour of theFalseVariableis:

#[write : (signal || command)]

Signalindicatesarrival of a write, thissignalshouldactivatethecircuit which hasaccessto

thereadportswhich will thereforeonly attemptreadsduringtheperiodwhendatais valid
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on write. This restrictionbreaksoneof thecardinalrulesin theconstructionof handshake

components,thatof port independence.Thiscanbeseento beanacceptablesacrificeasthe

useof theFalseVariablebythecompilerensurestheenclosureof all readswithin thecommand

connectedto thesignalport.

A communicationon the signalport of the FalseVariablewill ultimately form part of the

activationof theguardedcommandfor whichtheFalseVariable’swriteportcommunicationis

aguard.Thiscommunicationonsignalwill thenenclosetheactivationof thecommand.This

enclosureensuresthat thereadportsof theFalseVariableareonly accessedduringthedata

valid periodof thewrite port communication(as:write : signal : commandwith accessesto

thereadportsonly within thecommandbodythis implieswrite : signal : #?[read], #? here

looselymeansanindeterminatenumberof repetitions).

This input-signal-encloses-actionbehaviour allows descriptionsof Micropipeline like (or

moregenerallypush,latchfreebehaviour)circuitswithoutexplicit input latchestobewritten

in Balsa for compilation into handshake circuits. The latch free implementationof the

FalseVariableisaconsequenceof handshakeenclosure.In thosecaseswherethedatavalidity

periodsof the write, readandsignalmay be overlappedpurely by the interconnectionof

signallingwires,theFalseVariable’simplementationis simplythosewires.

3.2.3.3. Arbitration

The two way arbiter forms the third componentusedsolely in the implementationof the

arbitratedform of select : arbitrate . This componentis just a conventional four

phasearbiterwith mutualexclusionguaranteedacrossthewholeinputhandshake. Two way

arbitrationis achievedby useof thearbitrate … end constructin placeof select

… end . The arbiter is placedbetweenthe FalseVariablesor nonput inputsof the guard

channelsandthepassive portsof the two way DecisionWait. arbitrate couldpossibly

beextendedto allow morethantwo guardsbut astheimplementationtechnologycurrently

only includestwo way arbitersa restrictionto two guardswasfelt to be reasonable.Also

for themajorityof guardcountsgreaterthantwo thearbitrationtreewhichwouldhaveto be

built would of its naturebeunbalanced,it maybebetter, therefore,to forcethedesignerto

nesttwo arbitrationsat the languagelevel in orderto achieve thedesiredarbiterbalancing.
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Multi-way(esp.3and4 way)monolithicarbiterscanbeconstructed[13] whichhaven stable

states.Thereis little practicalexperiencewith suchdevicesalthoughin theoryandsimulation

they appearpromising.

3.2.3.4. Compiling select

Theselect commandiscompiledintoacircuit fragmentwhichhasitsactivationconnected

to a DecisionWait component’sactivation. ThisDecisionWait servesasthemaskpreventing

the selectionfrom beingfired whilst the commandis inactive. Eachof the passive inputs

is connectedto a Synch-joinednonputsignalformedfrom the channelsof a singleguard.

For input communicationswhich carrydatathis nonputsignalis the signalport outputof

a FalseVariableconnectedto that input channel.Eachof the active outputsof the DW is

connectedto theactivationof thecommandassociatedwith thecorrespondingpassive port

guardinput,thebodyof thiscommandmayaccessthevalueoneachof itsguardchannelsvia

thereadportson therespectiveFalseVariable.

The generalcompilationapproachfor Balsaselect statementscanbe seenin the dual,

two-channel-guardedexample[fig. 3.7]. Herethechannelsets{a, b} and{c, d} guardthetwo

commandsA andBrespectively. Onreceiptof therequestsfor all thechannelsin oneorother

guardset,theappropriatecommandis activated.

c

d

a

b

also   c,d then B
end

select a,b then A

B

A
FV

FV

FV

FV

DW

Figure 3.7. The form of a compiled select command
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TheFalseVariablecomponentsallow the incomingdataon theguardchannelto bereadby

theguardedcommandanindefinitenumberof times.Thisdoesnotimply latchingof thedata

but simply theenclosureof theguardedcommandsactivationin thehandshakeon thewrite

portof thecomponent.Thisisachievedbyusingtheactivesignaloutputof theFalseVariable

to signalthe validity of dataon the write port.The channelconnectedto the signalport is

combinedwith othersignalchannelsandfilteredby theDecisionWait toproducetheguarded

command’s activation. In the samemannerthat thecommunicationsmadeby the guarded

commandareenclosedin thatcommand’sactivation,theaccessesmadeby thecommandto

theFalseVariable’s readportsareenclosedin thesignalhandshake andsowithin thewrite

handshake. Theimplementationof theFalseVariableis describedin §5.1.1.3.

The PushSynchcomponents1 after the FalseVariablescombinethe guardchannelsignals

to producea singleactivationsignalfor theguardedcommand.Thecompilerwill disallow

attemptsto useguardchannelsetswhicharenot disjoint (e.g.{a, b}, {b, c} in [fig. 3.7]) asthe

operationof suchselectionwould not be delay-insensitive underall input orderings.For

thepreviousexample: channelrequestorderingsof b ; c or b ; a would imply the initiation

of a handshake on the JOIN componentcombiningthe {a, b} signalsandalsothe JOIN for

the{b, c} guardset. Onceinitiatedoneor otherof thesehandshakescouldnot beretracted

withoutremovingtherelevantrequestandsobreakingthesignallingprotocolonthatchannel.

Enforcingdisjointguardsetsis thereforea language-level requirement.

In thecasewheretheselect commanddoesnot requireselectiveactivation,mostnotably

in theform loop select … end end wheretheselectis indefinitelyrepeatedandthat

repeater’sactivationis connected(by meansof a director Fork’edconnection)to theglobal

activation(ie.thecircuit reset),theDecisionWaitcomponentcanbeomitted.Thisremovesthe

Repeater,theDecisionWaitandalsoallowsFalseVariable/ Fetch(transferrer)combinationsto

beoptimisedaway(thisisexplainedin §5.4). In thisfashionthedesignercanmakeuseof the

pushhandshakecomponentssuchastheCallMux (Push/ multiplexing mixer)directly. This

optimisationandanumberof otherspossiblefor specialcasesof theselect implementation

areoutlinedin §5.4.

1theseareJOIN componentsin theTangramHC set
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3.3. Chapter summar y

Theadditionof communicationenclosedinputselectionis themajorcontributionthatBalsa

hasto make to the descriptive abilitiesof Tangram.An implementationhasbeendetailed

for sucha selectionmechanismalongwith descriptionsof thenew handshake components

requiredtoachievethisimplementation.Gatelevel implementationsof thesecomponentsare

givenin §5.3.

Enclosedselectionallows thedescriptionof datadrivencircuitswithout theneedfor input

communicationstoterminatein avariable.Themany ported,nonsynchronisedreadspossible

duringanenclosedinput make this form of communicationappearjust like a variableread

to the enclosedcommand.In this way the simple‘variableterminated’natureof Tangram

expressionsis preserved and if so desiredthe control pathsof entire expressionscan be

removedandreplacedby amatcheddelay. TheFalseVariablecomponentgetsits namefrom

thisability to mimic a variable.TheDecisionWait is introducedto allow there-inclusionof

theactivationchannelsoallowingselect commandstobeusedin thesamecontextsasother

Balsacommands.

TheBalsacase commandalsodifferssubstantiallyfrom its Tangramcounterpart.A single

guardmaymatchmorethanonevalueof theguardexpression.For example:

case a of 0,2 then A
also 1,3 then B
end

If a is a variableof type2 bits thenthis commandwill executecommandA whena is

either0or2. ThecommandBwill beexecutedfor guardexpressionvaluesof 1or3. A similar

Tangramcommandwould look likethis:

case a is 0 then A
or 1 then B
or 2 then A
or 3 then B
end
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Here the commandsA and B areeachrepeatedimplying that two copiesof eachwill be

placedduringcompilation.Evenif A andB aresimplycallsto sharedproceduresthecostof

aCall componentis incurredfor eachcall made.An implementationof thisfour waycase

commandwill thereforegenerateat leastthreeTangramCASE componentsand two Call

components(TangramMIX components).

TheBalsaexamplegivenaboveisnotsoexpensive. OnlyasingleCasecomponentandnoCall

componentsarerequired.Thechoiceof sharedprocedureA andB is madein thedecoding

logic within theCasecommand.In thiscasetheCasecommand’s ‘specification’parameter

will codefor anXOR gate. A gatelevel implementationfor theCasecommandis givenin

§5.1.1.4.
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Chapter 4. Compiling Balsa to
Handshake Circuits

Thischapterdescribespracticalconsiderationsin theimplementationof atheBalsacompiler

balsa-c.Theseincludeadescriptionof someof theinternalformsusedwithin balsa-cduring

theproductionof aBreeze.VanBerkel’sTangramcompilationfunction(asdescribedin §2.4)

isfleshedouttosupporttheadditionof passiveinputports,compositetypeddata(recordsand

arrays)andtheuseof sharedprocedures.

Theplaceof thebalsa-ccompilerin a synthesisandsimulationsystemandthetoolsusedto

producebalsa-candassociatedtoolsaredescribed

4.1. Balsa design flo w

breeze2gates

Breeze description

Balsa description

Structural Verilog

Cadence P&R

P&R’ed layout

balsa-c

breeze2lardbreeze2dot

PostScript HC graph LARD behavioural description

Figure 4.1. Balsa design flow

TheBalsasystemconsistsof a numberof toolswhich fit togetherin themannershown in

[fig. 4.1] (namesof toolsaregivenin bold text). Thecompilationof aBalsadescriptioninto a

gateleveldescriptionisshown in thecentralcolumnof thefigure,thecompilationconsistsof

threesteps:
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1. Balsa→ Breezecompilation with balsa-c

The balsa-ccompilerproduceshandshake circuits from the input Balsadescriptions.

Thecircuitsareexpressedin theBreezeintermediatelanguage(Breezewasintroduced

in §2.2asa Balsa-syntax-compatiblemeansof describingparameterisablehandshake

componentport structures,thelanguageis furtherexplainedin §5.2).

2. Breeze→ gatelevel netlist mapping with breeze2gates

Thehandshake circuit describedin aninput Breezefile is transformedinto a gatelevel

netlist (specificallya structural-Verilog netlist of standardcells). breeze2gatesserves

two functions:

1. Producingspecificimplementationsof parameterisedhandshakecomponentsfrom

asetof productionrulesby breeze2gates.Thisinvolvesinteractionwith thetarget

CAD systemto determinewhich of thesecomponentsalreadyexistsin thatCAD

systemsdesigndatabase.

2. Compositionof a netlist of thoseparameterisedcellsexpandingout the channel

interfacesinto individualrequest,acknowledgeanddatasignals.

The tool is implementedin Perl [30] in order to allow rapid developmentof new

productionrulesfor new handshake components.The implementationof the current

(prototype)breeze2gatesis outlinedin §5.3.

3. Gate level netlist → finishedsilicon with Cadence

The CadenceDesignFramework II is usedasthe target CAD platform for the netlist

producedby breeze2gates.Gatelevel simulationandfinal siliconproductionis carried

outwithin Cadence.

Two other tools make up the remainderof the Balsasystem:breeze2dotandbreeze2lard.

breeze2dotproducesgraphicalprintouts of Breezehandshake circuits and is useful in

debugging handshake circuit production and optimisation whilst modifying balsa-c.
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breeze2lardtransformsBreeze netlists into the LARD modelling languageto allow

behaviouralsimulationusinghandshakecomponentbehaviouralmodelsexpressedin aLARD

plug-in library. breeze2lardis examinedin moredetailin §5.5.

4.2. The balsa-c compiler – internal structure and
function

Thebalsa-ctool is a singlepasscompilerwritten in C usingtheKarlsruheCompilerToolkit

[25] and the GNU Multi-precisionArithmetic library [37]. The lexical analyserandparser

areautomaticallygeneratedby theKarlsruhetoolsrex andlalr from aninput descriptionin

a similar mannerto theUNIX toolslex andyacc. Thetoolkit wasusedin theproductionof

balsa-cin preferencetothemorecommonUNIX toolsbecauseof itsgeneratedparsersgreater

speed,automaticparsererror recovery and integratedtools for the productionof attribute

grammarevaluators.TheGNUMulti-precisionArithmeticlibrary(libgmp)isusedwithin the

compilerto supportthearbitraryprecisionconstants(andtheconstantfolding optimisation)

requiredby Balsa.

The compiler takesvalid Balsadescriptionsas input, generatesan internalparsetreeand

performsa single directedwalk of that tree to generatehandshake circuits directly by

performinganextendedform of theTangramcompilationfunction.

TheKarlsruheabstractsyntaxtreegeneratingtoolast[27]andtheattributegrammarevaluator

generatingtool ag [26] areusedto produceanorderedattributegrammarevaluatorfor Balsa

which mirrors the structureof the compilationfunction. The compilationof a 〈command〉

is a goodexampleof the useof this evaluator. The attributegrammarevaluationfor each

commandcombinesthe sub-commands’(and expressions’)attributes(e.g. the sequential

commandA ; B combinestheattributesfor A andB) to produceattributeswhich arepassed

backup the parsetree. Someof the attributesrelevant to command(andalsoexpression)

compilationare:
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context

The(ordered)packageof boundidentifiersat thispoint in thedescription.Thecontext

ispasseddowntheparsetreetowardstheprimitivecommands/ expressionsattheleaves.

Thecontext includesvariable,internalchannel,externalport, constant,procedureand

typedeclarationinformation.

attributes

The packageof attributespassedbackup the parsetreeto be combinedin enclosing

(closerto thetreeroot)nodes.Theattributescontain:

accesses

The list of accesspatternson variablesandchannelswhich exist at this point in the

program. Channelaccessesfor commandsarecombinedwhilst descendingthe parse

tree,variableaccessesarepooleduntil thetop of theenclosingcommand/ expression

block is met on the journey back up the tree. In the terminologyof the Tangram

compilationfunction the accessesarethe alphabetstructurefor a given expressionor

command.Eachaccesscontainsa referenceto aWire (theinternalrepresentationof a

connectinghandshakechannel)whichactsasa read/ write portontothatresource.

components

A list of handshakecomponentsto beplacedfor thiscommand/ expression.

wires

The combinedlist of all Wire s usedby componentsandaccesses.Eachwire in this

list will have exactly two referencesmadeto it in oneof thecombinations:1 reference

in a componentand1 in an accessor 2 referencesin a componentor 1 referencein a

componentand1in theactivation. Wheretwo referenceswithin thecomponentlist are

made,thisWire is internalto thecommand.

value (expressionsonly)

TheTypeandnumericvalue(iff thisexpressionismanifestlyconstant)of theexpression.

A Typereferencedheremustbeanelementof thecurrentcontext .

activation (commandsonly)

A referenceto theactivationWire for thiscommand.
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permanent (commandsonly)

A boolean,true iff thecommandnever returnsan acknowledgementon its activation.

Knowledge of the permanenceof commandsallows selective optimisationof the

componentsusedto implementactivationcombiningoperations.

Thecompilationof a commandtransformscontext andcommandattributesinto a return

attributes set.Thesametransformationoccursfor expressions;thesearecombinedwith

commands(suchasoutputcommunicationor assignmentcommands)to form asinglereturn

commandattributes set. Thecompilationof a procedureis brokeninto fiveoperations

(whichareshown in their relevantabstractsyntacticpositionsin [fig. 4.2]):

1. Gatheringof port attributesinto an incomingcontext (which is combinedwith the

context from thescopelevel abovetheprocedure).

2. Processingof local declarations.Thesecombine with the context createdby

processingtheportsto form aninputcontext for theprocedurecommand.

3. Processingof thelocalcommand,producinga resultantreturnattributes set.

4. Creationof componentsto connectWire s local to the commandto the variables/

channelsin thelocaldeclarations.

5. Connectionof danglingport Wires to port instances,checkingand creationof the

Procedureobjectfor insertioninto thesubsequentdeclaration’sincomingcontext .

Thissequenceof operationsformsanorderedevaluationmechanismfor theattributegrammar

whichmodelstheoperationof theTangramcompilationfunctionin animperativefashion(as

opposedto thedeclarativeform in which themechanismis presented[28]).

4.3. Extensions to the Tangram compilation
function

The compilation function implementedin balsa-cis basedon the Tangramcompilation

function. Additional attributes(notablytyping) have beenaddedto supportthosefeatures
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Figure 4.2. Procedure compilation in the balsa-c attribute grammar evaluator

presentin Balsawhicharenotpresentin Tangramasdescribedin §2.3.

Thecompilationof thebasiccommands(input,output,assignment…) arebasicallythesame

asTangrambut with the additionof Balsaspecifictype information. Balsahasadditional

typestoTangramandalsosupportsnoimplicit type-casts.For anoutputcommanda <- b,

channela musthavethesametypeastheexpressionb for thiscommandto bevalid.

Theiterativeandchoicecommandsof Tangramareall presentin Balsaalbeitwith different

namesandsyntaxes( [tab. 3.1] comparesthecommoncommandsof thetwo languages.The

syntaxof Balsais influencedmostbyModulaandVHDL andassuchthenamesandsyntaxes

of Balsacommandstendto resemblesimilar constructsin thoselanguages).Balsaaddsto

these:amoregeneralcase statement,theselect inputselectionmechanismandthefor

multiple-placementiterative directive. In thecompilationof 〈expression〉s,Balsaaddsshift

operationsandvectortypeswhich allow bit slicing / extractionandvectorconstructionin

a similar mannerto recordconstruction.For channeloperations,vectoredchannelsallow

numericallyindexed arraysof independentchannelsto be exploited. Proceduresmay be

sharedbetweensequentialthreadswherethehandshake componentsfor thatprocedureare

placedoncebut theprocedureis calledfrom severalpointsin theprogram.Combinationof

themany activationsproducedby shareduseof proceduresis simplebut someruleson the

useof localchannelsmustbeenforcedto restrictsharingto ‘safe’cases.
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The compilation mechanismsfor thesenew behaviours are outlined in the following

sections:

4.3.1. Composite typing – variab le placement, arrays and recor d
type compilation

Each accessto a variable madewithin a commandor expressionbody is recordedin

the accesses attribute of the attributes packagesgeneratedby that commandor

expression.Theaccesses attributeconsistsof alist of cellsreferringtovariables,channels

andportswhicharein scopefor thiscommandorexpression.Theseinstances1mustbepresent

in thecontext of this command.Eachelementof theaccesses list refersto a single

instanceandhasadifferentformatfor eachinstancetype.

4.3.1.1. Variab le accesses

Variableaccessesnamethe variableinvolved,the direction(read/ pull or write / push)of

eachaccessto thatvariable,theWire connectedto thevariablein eachaccess,thewidth of

theaccessingWire 2 andtheoffsetwithin thevariableof thezerothbit of theWire for each

access(thewidth andoffset attributesactuallybelongto theWire ratherthantheaccess).

Thisis codedasa four elementstructurecontaining:a list of readaccessesanda list of write

accesses,abit maskmarkingthosebitsof thevariablewhicharereferredtobyeachof theread

andwrite accesslists. Thereadandwrite bit masksareusedto determinewhethertheentire

width of thisvariablehasbeencoveredby theaccessesin thisaccesses list element.

4.3.1.2. Channel accesses

A channelaccesscontainstheWire to which theaccessto this channelis connected.The

Wire containsthe push / pull indication which tells whetherthis is an input or output

communicationon that channel.Eachchannelaccessonly containsa numberof flagsfor

indicatingwhereachannelis involvedin aselectconstruct,whetherthechannelis complete

1Thetype Instance is usedin thecodeto referto thisclassof objects(plusa few othercases),theterm instance
will beloadedwith thismeaningfor theremainderof thischapter
2Wire s werepreviously definedin §4.2asobjectsusedin thebalsa-cattributegrammar. EachWire encodesthe
detailsof aBreezechannelconnectingapairof componentsin thetargethandshakecircuit.
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(i.e.hasexactlyonesourceandat leastonesink),theread-onlyvariableinstancetowhichthe

channelis connectedduringaselectoperationandsoon.

4.3.1.3. Accesses to other types of instances

Otherinstancesinclude:ports(whicharetreatedin asimilarmannerto channels),sharedcall

instances(whicharetokenswhichidentifytheactivationportsof localsharedprocedures)and

constantinstances(theseneverappearin accesses lists,only in context s.)

4.3.1.4. Compiling par tial width accesses to variab les

Theaccesses list is sortedby thepointervalueof theinstancereferredto (which makes

a goodinstancewiseuniquekey). Thecombinationof accesses lists of sub-commands

whilst compiling a compositecommand(e.g. sequencecommand:A ; B, concurrent

commandA || B) is the implementationof the TangramcompilationmechanismMix and

Joinfunctions.

The combinationof channelsunderthe Mix andJoin operatorsis similar to the Tangram

compilationfunction except for the typing of channelsand the handlingof passive input

(select ed)channels.Variableaccesses,however,arenotcombineduntil theattributes

have reachedthepoint of variabledeclarationin their trip backup theparsetree. Variable

accessesareaccruedwithin theaccesses list elementsandareprocessedin batchwhenthe

Variablecomponentis placed.

Accessto a variableneednot necessarilyinvolvethewholewidth of thatvariable.Consider

thecodefragment:

type dual is record a, b : 16 bits end
variable c, d : dual
…
c.a := d.b

Heretheb elementof d is assignedinto thea elementof c . Both elementsmatchin type

(16 bits ) andsotheassignmentis typeconformantalthoughonly half of eachof c and
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d is actuallyaccessed.An access1 to thevariablec for thiscommandwould recorda 16bit

widepushwireatoffset0connectedtovariablec with awriteaccessbit maskof 0000FFFF16.

The d accesswould refer to a 16 bit wide pull wire at offset 16 with a readbit maskof

FFFF000016.

On Mix or Join combination,the bit masksof the accessesto commonvariablesin the

accesses lists of the two commandsinvolved would be bit-ORedtogether. Thus,for a

compositecommandfor eitherof thevariablesc or d in theabove example,a completeset

of accesses(whereall bitsof thevariablearebothwrittenandread)wouldhavea(read,write)

bit maskpairof (FFFFFFFF16, FFFFFFFF16).

WhenVariablecomponentsareplacedfor eachvariablein thelocaldeclarationsof a 〈block〉,

thewrite-accesslist within theaccessfor that variableis examinedin orderto identify the

largestbit slicesof thatvariablefor whichonlyatomicwritesaremade(e.g.for a9bit variable

which is written astwo 6 bit chunksoffsetat 0 and3 bits respectively, we canseethat the

largestatomicallywritten bit slicesare0..2,3..5and6..8asthe two write accessesoverlap

by threebits). Thesewrite accessesareconnected(by a seriesof CallMuxswheremultiple

writesto thesamesliceoccur)to individualVariablecomponents.Thereadaccessesto those

componentsareconnectedto the(possiblymany) readportsof theVariableswith therequired

splitsandcombinesto producetherequiredwidth of offsetwires.

Usingthissimplemechanismfor handlingpartialvariablereadsandwriteswecanimplement

thefollowing features:

• Partialassignment,individualarrayor recordelementassignment(with aconstantindex

in thecaseof arrayelementassignment).

• Constant indexed array element / slice extraction expressions (e.g.

ArrayVariable[10] andArrayVariable[5..10] )

• Recordelementextractionexpressions(e.g.c.a )

• Shift operationsonvaluesreaddirectlyfrom variables.

1accesses elementsaretypedasAccess esin thecode,accessheredenotedthistypeof object.

Chapter 4. Compiling Balsa to Handshake Circuits 76



4.3. Extensions to the Tangram compilation function

4.3.1.5. Compiling array accesses with non-constant indices

We cannot,however, implementarrayaccesses(assignmentsor elementextractions)with

non-constantindiceswith thissliceextractionapproachasweneedtobeabletomakeachoice

of arrayelementbasedon theindex expression.In thecaseof arrayelementassignmentan

assignmentis of theform:

A[B] := C

whereA isanarraytypedvariable,B isanon-constantexpressionandC isanexpression.This

commandcanalwaysberewrittenin theformof acase commandrangingovertheindex type

of A. If theindex typeof A (andthereforethetypeof B in theabovecommand)is 2 bits

thenwehavethepossibleimplementation:

case B of
0 then A[0] := C

also 1 then A[1] := C
also 2 then A[2] := C
also 3 then A[3] := C
end

Thisexpressiondoes,however, containtheright handexpression,C, four times. Giventhat

C will beevaluatedfrom exactlyoneof thecase termsin thiscommandwe canplacethis

expressionjust onceandusea CallDemux(pull demultiplexer) to expandout the result to

eachof the four assignmentcommands.Balsa-cimplementsarrayelementassignmentin

just this manner. A given implementationwill consistof one Casecomponent,n Fetch

(transferrer)components(oneperassignment),ann wayCallDemuxanda singleplacement

of theassignedexpression.In explicit Balsathiscanbethoughtof asbeingsimilar to either

of thecommands:

-- Array element assignment without select
local channel _C : typeOfC
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begin
_C <- C ||
case B of

0 then _C -> A[0]
also 1 then _C -> A[1]
also 2 then _C -> A[2]
also 3 then _C -> A[3]
end

end

-- Array element assignment with select
local channel _C : typeOfC
begin

_C <- C ||
select _C then

case B of
0 then A[0] := _C

also 1 then A[1] := _C
also 2 then A[2] := _C
also 3 then A[3] := _C

end
end

Neitherof thesetwo commandsexactlymodelswhat is producedby balsa-c(in thatneither

will immediatelyresultin thesamecircuit)but botharereasonablefunctionalequivalents.

Array elementextraction is moredifficult, however. In order to extract an arrayelement

underthepull controlschemeusedby Balsaexpressions,we mustsequencetheevaluation

of theindex expressionandthefetchingof theappropriatearrayelement.Thepull natureof

theactivation/ resultchannelon anexpressionlimits thewaysin which we canimplement

an expressionborneextraction. If a commandcanbe substitutedfor the expression(say

by treatingtheexpressionandthecommandof which it is a partasa compositecommand),

onecouldusea similar form of assignmentasusedin theabovecommands(exceptthatthe

constantindexed arrayelementextractionswould form the right handvaluesof the case

elementassignments).The simplestsolution to this problem was the introductionof a

specialcomponentfor thisoperation.TheCaseFetch(indicatedby thecharacters@Tin the

handshake componentsymbol)componentis herebyintroduced. CaseFetchhasa single

pull activation/ resultoutputchannelonwhichthechosenelementis presented,asinglepull

inputchannelfrom whichtheindex expressionresultis readandnpull inputchannelseachof

which is connectedto anaccesswire to theappropriateelementof thearray. Thebehaviour
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of CaseFetchis:

#[ ↑ : (index?I ; read[I ]); ↓ ]

Wheretheread[I ] expressionis asinglereadononeof thearrayelementpull inputchannels

using the value readfrom index to select(which in an implementationderived from this

behaviour musthavea latch,for variableI , to hold theindex value)theappropriateport.

4.3.2. Procedure sharing – activ ation and access handling

If weconsiderasimplemicroprocessordescription:

-- processor: A simple fetch then execute processor
procedure processor is
begin

loop
fetch();
case instructionType of

ALU then executeALU(); incPC()
also LOAD, STORE then executeMem(); incPC()
also BRANCHthen executeBranch()
end

end
end

Theinstructionis fetched(fetch() ),decoded(thecase ), thenexecuted(in thebodyof the

case elements).TheprocedureincPC is invokedtwice in thedescription(oncefor each

of theALU andLOAD / STOREoperations),this will leadto an implementationwith the

handshakecomponentsmakingupincPC beingplacedtwiceeventhoughthecallsto incPC

aremutuallyexclusive(by virtueof thesequentialmixing of case elementcommands).If

asingleinstanceof incPC is placedto whichtwo activationsareconnectedby theinclusion

of aCall componentin theactivationchannel,wecancall incPC from multiple,sequential,

pointsin theprogramandsave theareacostof oneof the incPC procedures.This canbe

achievedin Balsaby useof asharedprocedure,e.g.:

local shared incPC is begin … end
begin
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incPC();
…
incPC()

end

ThiswoulddeclareincPC assuchasharedprocedure.Justcombiningtheactivationssourced

from severalpointsin theprogramis fairly straightforward. A SharedCallinstanceis added

to theaccesseslist for a sharedprocedurecall command,this is thenresolvedat thepoint of

declarationof thesharedprocedureon thejourney backuptheparsetree. Thelocalchannel

andvariableaccessesmadeby thesharedprocedureitself presentuswith muchmoreof a

problem.Considerthiscase:

local
channel a : word
variable b : word
shared sh is begin a -> b end

begin
a <- 5 || sh() ;
a <- 10 || sh()

end

Herethesharedproceduresh iscalledfrom twopointswhicharesequential(asrequired)yet

themeaningof thechannela is differentin eachcallingcontext. Localchannelscanbeused

in multiplesequentialpointswithin their scopeaseffectively differentchannels.Theabove

exampleisacasein point,to correctlyplacesh wemustbecapableof associatingtheuseof

a within sh for eachcallingcontext for sh . In generalthis is difficult to achieveandsothe

useof sharedproceduresis restrictedby thefollowing rules:

• Sharedproceduresmust not uselocal channelsin their command.This restrictsthe

callingcontext to includingonly variables(thecontext of whoseaccessesareinvariant

acrosstheirscope)andexternalchannels(i.e.ports,whicharesimilarly constrained).

• Sharedprocedureshave no arguments. This removes the need to connectshared

proceduresby localchannelsto theirenvironments.

It is believedthat theserulesdo not imposea seriousrestrictionon theusefulnessof shared
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proceduresbut doallow ustostaticallyresolveaccesscontexts. Themixingof accessesmade

by sharedprocedurecallscannow beachievedby taggingacopy of theprocedure’saccesses

list with an‘unplaceable’flag. Thisflagcausesall therequiredchecksto bemadeonchannel

/ variableaccesscompliancebut doesnot result in componentsbeingplacedto combine

accesseswith real,placeableaccesses.The accessconnectionsfor a sharedprocedureare

madein asimilarfashionto theaccessesonvariables,thatis tosay,at thepointof declaration

(which now sharesa common(in facta restricted)context with theblock command)whilst

workingbackuptheparsetree.

Whilst Tangramincorporatestheideaof sharedproceduresit is not clearfrom theliterature

whatusagerulesapplytopreventlocalchannelreferencesto ‘shift context’. VanBerkeldoes

notdescribethetreatmentwhichsharedproceduresreceivein hiscompilationscheme[28].

4.3.3. The choice commands – select and case

Theselect commandanditshandshakecomponentimplementationwasexaminedin §3.2.

Two new handshakecomponentswereintroduced(theFalseVariableandtheDecisionWait).

Herea fourth new ‘choice’ componentis introduced(the third being the CaseFetch)thus

completingthesetof new Balsacomponents.Thenew componentis theCasecomponent,

this differs from the TangramCASE componentwhich performsa choice betweentwo

outputactivationchannelson the basisof an input value(very muchin the mannerof the

Micropipeline Select component).The Balsa Case,however, has a specificationstring

parameterandany numberof outputactivationchannels.Thespecificationstringallowsus

to specifya setof rangesacrossthe input value(theport structureof Caseis similar to the

TangramCASE exceptingthe numberof outputactivationchannels)for which a particular

outputactivationshouldbe invoked. In this way we candescribecase commandswhich

havea numberof guardconstants(theLOAD, STOREexamplein theprevioussectionis a

goodexample)becausewecandescribemany differentinput patternsbeingassociatedwith

asingleoutputactivation(whichwill bethecase guardedcommandactivation).

TheCasecomponentisusedto implementboththeif andcase commandsin Balsa.Where

the guardexpression(s)arenot accesswisedisjoint from the guardedcommands,a buffer

assemblyis introduced(in thesameway thata buffer is introducedfor anauto-assignment
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e.g.a := a or b) to decoupletheguardvalueevaluationfrom thecommandinvocation.

4.4. Tools other than balsa-c – breeze2dot,
breeze2lard, breeze2gates

A detaileddescriptionof thestructureandfunctionof breeze2gatesisgivenin §5.3. Thistool

is usedto produceVerilognetlistsfrom thegivenBreezehandshakecomponentnetlists.

Theremainingtwo toolsareusedin simulationandevaluationof Breezenetlists.Breeze2dot

allowsusto produce(reasonablyreadable)handshakecircuit printouts.Thetool dot [5][6] is

usedasthebasisof breeze2dotasagraphlayoutengine.TheBreezeinputfile ispreprocessed

intodotformatbyaPerlscriptandthenpipedthroughamodifiedversionof dot(whichplaces

theopenandclosedcircuit port symbolson thegraph)producingapostscriptoutput.

Breeze2lardis usedto produceLARD descriptionsof Balsacircuits. Theuseandstructure

of breeze2lardis discussedin §5.5.

4.5. Chapter summar y

Thetoolsandmethodsfor implementingbalsa-chavebeendescribed.Themethodinvolves

an extendedform of the Tangramcompilationfunction to supportthe additionsmadeto

Tangramby Balsa.Of particularnoteis thesimplemannerin whichassignmentto andreads

from variablesof compositetypesareexpressedby theelementsof theaccesses attribute

grammarattribute.

The Mix andJoin operatorsof the Tangramcompilationfunction aredefinedto combine

variablereadsandwriteswhichspanarbitrarybitfieldsof localvariables.In thiswayrecord

elementextraction,arrayindexing andarbitrarytypecastscanbeaccommodated.

Thisapproachdoeshave its disadvantages.Considertheexpression:

{c, d, e, f}[b]
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Hereanarrayisconstructedfromthecontentsof thevariablesc ,d,e andf . Thisarrayisthen

indexedbythecontentsof variableb. If thearrayhadbeenconstructedfrompartsof thesame

variablethentheindexingcouldbeimplementedby slicingthatvariablein thewaydescribed

in thischapterfor thetreatmentof arrayandrecordelementextraction. Thisexamplecannot

betreatedin thesamesimplemannerasthearrayspansmultiple variables.To performthe

elementextractionthearraytypedvaluecomposedof the four variablesmustbemade(by

combiningvariablereadports)andthenslicedinto elementsizedchunks.This is necessary

astheleft handsideof thearrayindexing expressionmaybeacastexpression,for example:

({a, g} as array 8 of bit)[b]

In thesamewayasarbitrarycastsareallowedfor expressionswhichinvolvesinglevariables,

arrayconstructionexpressions(with possiblymany variables)maybecastinto anothertype.

Extendingthearrayelementextractionmechanismto allow one-to-onemappingsof variable

readsto indiceswould besufficientto handlethe four variableexamplegivenabove. This

extensionwould not work wheretheleft hand(arraytyped)expressionmaybetheresultof

a typecast. Usingaone-to-onemappingof variablesof thepreviousfour variableexample

to optimisefor anarrayconstructionleft handsidewill notwork with acastleft handside.

Asaresultof thecomplexity of multi-variableleft handsides,Balsarestrictstheuseof array

elementextractionto constantandsinglevariableleft handsides.
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Implementations and
Simulation

This chapterwill discussthe processof transforminga handshake circuit description

(in Breeze)into standard-celllogic along with the associatedproblemsof speed/ area

optimisationandsimulation. Many of the topicsdiscussedherearenot currentlyfeatures

of theBalsasystemandin partthischapterservesasa view of futuredirections(thethreads

of which arebroughttogetherin §7.4) and justificationof approach.The chapterbreaks

down into:

1. Gatelevel implementationsof handshake components.Implementationsof the new

componentsFalseVariable,DecisionWait, Caseand CaseFetchare given along with

commentaryon the specificationand implementationof other, slightly modified,

components.

2. Theprototype‘back-end’,breeze2gates.Writtenin Perl,thisscriptisthecurrentbasisfor

thetestback-endof Balsa.Thebreeze2gatesprogramservesasbothahandshakecircuit

netlistcreator(netlistin theCAD native formatthatis) anda parameterisingenginefor

generatinghandshakecomponentimplementations.

3. Optimisationsathandshakecircuitandgatelevels,concentratingonoptimisationsof the

select command.

4. Simulation with LARD. LARD is an asynchronouscircuit modelling language

developedwithin the AMULET researchgroup to fulfill a needfor a behavioural

modelling platform to replacethe proprietary tool asim (which was used in the

developmentof AMULET2). LARD hasbeensuccessfullyemployedin themodelling

of AMULET3. Here it serves as a mechanismfor performing handshake circuit

level simulationsof Balsasynthesiseddesigns,transformedinto LARD by the tool

breeze2lard.
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5.1. Implementations of handshake components

Thetargettechnologyfor handshakecomponentimplementationin thisthesiswill bethegate

level netlist. Thesetof gatesavailableincludes:

• Conventionalcombinationallogic gates:AND, OR, invert, XOR and also complex

combinationalgatessuchasAND-OR-inverts.

• Conventionallatch andflip-flop elements:transparentlatches,edgetriggeredlatches,

RSflip-flops.

• Specific‘asynchronous’gates:symmetric/ asymmetricC-elements,mutualexclusion

elements.

• Composites,common gate combinations:S-elements,multiplexers, demultiplexers.

Thesemaybeeithertransistorlevel,singlecellsor combinationsof gates.

A gatelevel netlistcanbesubmittedto acommercialCAD systemfor generationof thefinal

(placedandrouted)design.HeretheCadenceCAD framework is usedto producestandard

cell implementationsusing a 1µm cell library developedas part of the EXACT project.

This routewasthat employedby thework of EXACT at TheUniversityof Manchesterin

the single-railhandshake componentHybrid DesignEnvironment[8]. In the placementof

cells for single-railhandshake components,timing relationshipsbetweensignalswerenot

consideredaspartof thehybrid back-end.Gatedelaysensuredcorrectbehaviour of control

circuits (which could, therefore,be consideredto be of a speed-independent(SI) nature)

with databundling dependingon the insertionof delaysin the control path (or datapath

generatedcompletionsignalling)to meetcontrol – datatiming constraints.This approach

is not altogethersatisfactory;a solutioninvolving the explicit checkingof back-annotated

post-layouttiming valuesagainst bundling and fork constraintswould be more robust.

After back annotationof timing estimatesgained from extraction and simulation steps,

somemanualreworking of a placedcircuit may be necessaryto ensurecorrectbehaviour.

The implementationsgiven in the remainderof this sectionfollow the modelusedby the

hybrid environment.
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5.1.1. Contr ol components

The Balsacomponentsetcontains12 control components,thoseborrowed from Tangram

shown in [tab. 2.4] andtheFalseVariableandDecisionWait componentsnew to Balsawhose

usein the compilationof select is explainedin §3.2. Of these,threecomponentsare

identicaltotheirTangramequivalents:Loop(whichisaTangramREPcomponent,therepeater)

, Repeat(which activatesthe circuit connectedto its active nonputport a fixed numberof

times,specifiedby oneof thecomponent’sparameters,for eachactivationof thecomponent,

Repeatis the TangramcomponentCOUNT usedin the implementationof Tangramfor

do … od loops)andFetch(TFR, thetransferrer).Theremainingcomponentsdiffer in the

following ways:

5.1.1.1. Multiwa y components – Concur and Sequence

Concur and Sequenceare the TangramcomponentsSEQ (the sequencer)and PAR (the

concursor).Within the Tangramcomponentset thesecomponentshave a single passive

nonputactivationport andtwo active nonput(outgoingactivation)portsimplementingtwo

way concursingandsequencing.Theextensionof this two way behaviour to createn way

(wheren ≥ 2) sequencersandconcursorscanbeimplementedeitherby thecombinationof

small(2oreven3or4way)componentsorbysynthesisof acustomcontrollerfor therequired

numberof outputactivations.In combiningsmallercomponentsbalancedtreescanbebuilt to

replacetheunbalancedbinarytreescreatedby simplisticcompilation,thisandtheadvantage

of theimprovedclarity of theBreezedescriptionof agivencontrolstructuremakemultiway

componentsadvantageous.

The synthesisof specificcontrollersfor n way control componentshasbeenpreviously

explored [2]. The combinationof sequencingand concursinginto a single control tree

(whichmayalsoincludeotherchoice-lesscontrolsuchasthatprovidedby LoopandRepeat

components)canalsobesynthesisedto producea singlemonolithiccontroller[31] [38]. The

area/ speedadvantagesof sucha (signal level) synthesisedsolutionshouldbe contrasted

with the increasedtiming difficulties introducedby the (typically speed-independent)gate

level implementationssourcedby suchcompilers(especiallywheretheinternalhandshakes,

presentin a compositionalhandshake componentcontrol treeimplementation,arereplaced
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by control sequencing).Within a compositionalapproach,speed-independentbehaviours

(andalsoQDI,bundlingconstraintandmoretimedependenttimingmodelbasedbehaviours)

canbelocalisedby thehanddesignandanalysisof handshakecomponentimplementations.

The potential to control the degreeof gate level optimisationis also an advantageof a

compositionalapproachover a synthesisapproach.A simplistic approachto gate level

optimisationcandestroy timing constraintsrequiredof synthesisapproaches.

For the purposesof the prototypeback-end,thesemultiway componentsareimplemented

by balancedtreesof S-elementsfor sequencingandFork andS-element’edconnectors(early

enclosingwideprotocoladapter)for concursors.

5.1.1.2. The while command – While , WhileElse and Bar components

While and WhileElse are the top level control componentsassociatedwith the while

command.They aresimilar to theTangramDO componentandhaveidenticalportstructures

exceptfor theadditionof a passivenonputport in thecaseof WhileElse,for theconnection

of an‘else’termcommand.TheWhilecomponentgathersaguardvaluefrom anactiveinput

port connectedto eithera guardcommandor expandedby theBar component,executesthe

guardedcommandby signallingonanactivenonputport activateOutif theguardvaluewas

1 (true). This behaviour is enclosedby anactivationhandshake andwill repeat,within the

activationhandshake,for aslongastheguardholds(remainsone).Onthefailureof theguard

the While componentwill returnan acknowledgementon the component’s activation,the

WhileElsecomponentwill executethecommandconnectedtoitselseActivateportthenrepeat

(never returninganacknowledgement).Symbolically:

While( , guard, activateOut).

#[ : guard?G; #[G → activateOut; guard?G | ¬G → skip] ]1

WhileElse( , guard, thenActivate, elseActivate).

: #[guard?G; [G → thenActivate| ¬G → elseActivate]]

Thebehaviour of theWhileElsecomponentdiffersfrom theWhile (or DO) componentin that

theactivationacknowledgementis never sent,WhileElsedoesnot terminateandsonoouter

1G in theWhile behaviour refersto avariablewhich is assignedfrom thecommunicationguard?G.
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unboundedrepetitionloopis required.

TheBarcomponentis similar to theTangramBAR component.It servesto expandthesingle

guardcapabilityof While andWhileElseto a numberof guard/ commandchoices.The

Tangramtwo way BAR commandmustbe combinedinto a treeto implementdo loopsof

two or moreguards.TheBalsacomponentscancombineall guardsin a singlecomponent

soreducingor atworstkeepingthesameareaoverheadof theBAR treebut with lessreliance

on gatelevel optimisation.This is achievedby localisingtheguard-choicepriority encoder

into a singlecomponentallowing threeandfour input gates(andregular structures)to be

betterexploited. Thenon-determinismof thechoiceof commandto executewheremultiple

guardsarefoundto betrueis purelyanartifactof theformalsemanticsof guardedchoice,in

implementationthechoiceis madein aprioritisedway, oneof thetwo commandsconnected

to theBAR beingfavouredwherebothguardsbecometrue.

The port structureof Bar takesn active 1 bit guardinputs(eachassociatedwith an active

nonputcommandactivation)andmapsto asinglepassiveguardoutputandapassivenonput,

incomingcommandactivation. Thebehaviour of thecomponentis similar to theTangram

part. ThenguardsaregatheredintoasingleguardbyalargeORtree,thatguardisreturnedto

theenvironmentthroughthesinglepassiveguardport. Theenvironmentwill choosewhether

or not to activatetheassociatedcommand– if it choosesto activatethecommand,theBar

componentwill receivea nonputcommunicationon . ThiscommunicationleadstheBar

componentto activateoneof thecommandsconnectedto a port within thenonputarrayed

portactivateOutfor which therespectiveguardwaspreviouslyfoundto betrue.

TheBar functionalitycouldeasilybecombinedinto theWhile andWhileElsecomponents.

This is not doneasthemajorityof while loopshave only a singleguardandsotheadded

complexity of a multi-guardedWhile would rarelybeused.Themultiway Bar component

alsofindsapplicationswith theCasecomponent,whichisusedtoimplementtheif command

in Balsa. Providing Bar functionalitywithin While would alsorequirethis functionalityto

beaddedto anIf component.As no If componentis necessarywith separateCaseandBar

componentsthisguardtreefunctionalityis bestkeptseparate.Bar’sbehaviour is:

Bar( , guard, activateOut1..n, guardInput1..n).
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#[ [

: [G = 0 → activateOut1 | … | G = n − 1 → activateOutn] |

guard : [[guardInput1 : … : guardInputn :

[G := choose(guardInput1..n) ||

guard := ∨{guardInput1, … , guardInputn }]]]

] ]

Guardcollectionandtheexecutionof a guardedcommandaresequencedby thearbitrating

actionof thecommunicationchoice[ | guard]. Thefunctionchoosedecidingwhich of

thecommandsshouldbeexecutedin theeventof theactivationbeingreceived. Thisguard

; commandsequencingis not sufficientto copewith the Caseimplementedif statement,

however. Consider[fig. 5.1],apairof guardsG1andG2 whicharecompatiblein theiraccessesto

commandsC1 andC2 arecombinedbyaBarcomponentandtransferrerontotheinputportof

aCasecomponent.TheCasecomponentwill choosewhichof thetwo commandstoexecute

basedonthatguard(wheretheguardis0,theContinuecomponentisactivatedandsotheif

commandterminates,returningtheacknowledgementthroughtheFetchcomponent).

T
run

G2

C1

G1

C2

0

1

guard

Bar

@[]

Case

Figure 5.1. An if command implemented using Case

Theinput to a Casecomponentmustencloseits activenonputcommunications(in thiscase

thecommands)andsoit canbeseenthattheguardcommunicationof theBarcomponentwill

not becompletebeforethepossiblearrival of a communicationon theactivateport. Guard

expressioncommunicationandcommandactivationmustbeallowedto overlap. Themutual

exclusionof guardgatheringandcommandactivationformedby thecommunicationchoice

canbeseento actin themanner:

#[guard; ]
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if it is assumedthat theguardis trueandsoactivation is signalled.Theparallelismof this

expressioncanbe increasedby eithermakingthe two communicationsfully parallelor by

allowing oneto partiallyoverlaptheother.

Parallelactions: #[guard || ]

Partialoverlapping: #[guard ↑ ; [ || guard ↓ ]]

Both of thesebehavioursstill allow the completeenvironmentalsequencingof guardand

activation. Thepartialoverlappingof guardandactivationhastheadvantagethat theguard

choicevariable (G) is guaranteedto have beenwritten (as part of the action which the

communicationguard ↑ hererepresents)beforetheactivationcanbeactedupon. In practice

theenvironmentwill alwaysenforcethisconstraintitself (astheguardvaluemustreachthe

environmentbeforeachoiceastowhetherthecommandisactivatedismade)andsothefully

paralleldescriptionshows similar merit. Whencombinedin the completedescription,the

partialoverlappingbehaviour isdifficult toexpressasthecommunicationguardfor activation

mustrun in parallelwith theguardreturnto zero. Thiscouldbeexpressed:

Bar( , guard, activateOut1..n, guardInput1..n).

#[ [

[[ : [G = 0 → activateOut1 | … | G = n − 1 → activateOutn]]

; [guardInput ↓ : guardInput1 ↓ : … : guardInputn ↓ ] |

guardInput ↑ : [[guardInput1 ↑ : … : guardInputn ↑ ];

[G := choose(guardInput1..n) ||

guardInput := ∨{guardInput1, … , guardInputn }]]

] ]

The fully parallel descriptioncan be expressedas two separatethreadscommunicating

via a sharedvariableG. Disjunctionof readandwrite accesseson G areenforcedby the

environmentalsequencingof guardInput ↑ ; .

Bar( , guardInput, activateOut1..n, guardInput1..n).

#[ : [G = 0 → activateOut1 | … | G = n − 1 → activateOutn]] ||

#[guardInput : [[guardInput1 : … : guardInputn]; [G := choose(guardInput1..n) ||
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guardInput := ∨{guardInput1, … , guardInputn }]]]

5.1.1.3. New components – FalseVariab le and DecisionW ait

Thebiggestdifferencesbetweencontrolstructuresfrom Tangramto Balsaaretheadditionof

theenclosingselect andtheextendedcase commands.Theusesandhandshakecircuit

implementationsof both commandswereoutlinedin §3.2and§4.3.3introducingtwo new

componentsfor select implementation(FalseVariableandDecisionWait) anda modified

Casecomponentfor implementingBalsacase commands.

The one-dimensionaldecisionwait componentwhich forms the heart of the handshake

componentDecisionWait isthatdescribedbyJosephs[32]. Decisionwaitactsasaneventfilter

connectingn inputsignalsto n outputsignalsby wayof a rankof two inputC-elementseach

with oneinput connectedto aninput signalandtheotherconnectedto a commonactivation

signal. A two way(or 2 × 1 waywherethecomponentis consideredto betwo-dimensional)

decisionwait is shown in [fig. 5.2]with a symbolandgatelevel implementation.Theforking

of thecommonactivationsymbolshouldbeisochronicin orderto allow eachof the inputs

of theC-elementsto be‘cancelled’whentheactivationis removed. On assertionof oneof

then inputsandtheactivation(in eitherorder),thecorrespondingoutputwill becomeactive.

Removal of bothinputandactivationwill lower theoutputsignal. Thisbehaviour allowsthe

introductionof anactivationsynchronisedfilter in thepathsof anumberof disjointincoming

signals.

a

i2

i1 o1

o2

o1

o2

i1

i2

C

C

a

Figure 5.2. A two way decision wait

TheDecisionWait consistsof ann way decisionwait andann way OR gate. Therequests

from input passive portsare directedtowardsthe output active port requeststhroughthe
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decisionwait. Eachacknowledgementfrom theoutputportsis forkedandsentseparatelyto

theacknowledgementof thepassiveportandtooneof theinputsof theORgatewhichin turn

leadsto theacknowledgementon theactivationport. Theactivationrequestis connectedto

thedecisionwaitactivation. Thisimplementationisshownin [fig. 5.3]. Onlythoseforkswithin

thedecisionwait have a timing requirement,theacknowledgementforksareuntimedasthe

active port requestwill only changeafterbothacknowledgementandpassive port requests

havebeenremoved.

TheFalseVariablecomponentis introducedtoallow anumberof readsfrom aninputchannel

to be enclosedwithin a singlecommunicationon that channel.This createsthe read-only

variablebehaviour of channelswithin select guardedcommunicationcommands.Where

the datavalid period of the incoming channel’s communicationis the sameor is longer

thanthatof thecontrolandvariable-readchannelswithin theguardedcommand(suchasa

broadinput channel,broadcontrolandreducedbroadvariable-reads)theFalseVariablecan

be implementedwith only delaymatchingelements.No input latch or control interaction

betweenvariablereadsandtheinputchannelis necessary. Theenclosureof readswithin the

inputcommunicationisenforcedbytheenvironmentandthecompilationscheme’sderivation

of the guardedcommand’s activation from the output signal port on the FalseVariable

component.Sucha zerocostFalseVariableis shown in [fig. 5.3]. Whereprotocolsdiffer, the

enclosurecanusuallybecreatedby theinsertionof aprotocoladapter(suchasanS-element)

in theactivationpathasshown in [fig. 5.3].
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Figure 5.3. Gate level implementations of FalseVariable and DecisionWait
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5.1.1.4. The modified case component – Case

TheTangramCASE componentallowsaninput communicationto initiatea communication

ononeof two outputports. Thechoiceof outputport is madeby themostsignificantbit of

theincomingcommunication,theremainderof thatcommunication’svalueis passedalong

theoutputport.

Treesof CASE componentscanbeconstructedto implementmultiwaycase commandsby

presentingthevalueof thediscriminatingexpressionontotheinputportof therootcomponent

of the tree,suchan arrangement(for the four way case)is shown in [fig. 5.4]. The output

portsat theleavesof theCASEtreeare,in fact,nonputandconnecttheleaf componentsto the

activationsof thecommandsassociatedwith eachcase choice. This arrangementis very

simplefor case statementsin which all n2 outputsareconnectedto commands.Wherea

numberof casesarenot covered(or arecoveredby a default else case)Halt or Continue

components(STOP andRUN for Tangram)canbe usedto ‘cap’ a danglingoutputport. An

exampleof this cappingis shown in [fig. 5.1] wheretheelse clauseof an if commandis

cappedwith a Continue,the if commandis implementedin the form of a two way case

command.Whereboth outputsof a CASE componentare cappedwith the sametype of

component,thatCASEcomponentcanbeprunedto leavejustaContinueor Halt in its place.

01

@

00
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@
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1
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1X

@
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input
activations
output

Figure 5.4. A three component CASE tree

It mayalsobeuseful(indeednecessaryfor theimplementationof Balsacase ) to combinea

numberof leafactivationsintoasingleactivationwhereasinglecommandshouldbeactivated

for a numberof differentvaluesof discriminatingexpression.A CASE treeimplementation

would implementsuchan extensionwith the additionof Call componentscombiningleaf

activations,[fig. 5.5] shows sucha Call linked CASE tree. This exampleis that of the case
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commandgivenin §4.3.2,theenumerationelementsALU,LOAD,STOREandBRANCHhaving

thevalues0,1,2 and3respectively. NoticethatastheLOAD, STOREcasespanstwo CASE

componentswecannotprunethetreeto removetheCall component(whichispossiblewhere

theCall combinesbothoutputsof asingleCASE). All formsof themoreflexibleBalsacase

commandcanbeimplementedwith CASEtrees.PruningandCallactivationcombinationmay

producea resultantcontrolgraph(consistingof a CASE treedrawn togetherby a numberof

Call trees)which is fairly complicated.

LOAD

@

ALU

BRANCH

@

STORE activations
output2

1

1

1X

0X

input @ |

Call

Figure 5.5. A CASE tree with Call linked outputs

An alternative approachis takenby theBalsaCasecomponent.A singleinput’s valuewill

determinewhich,if any, of anumberof nonput(output)activationchannelsisactivated.The

Casecomponentthereforehasthreeparameters:

1. Thewidth of theinputdatabundle.

2. Thenumberof activenonputchannels.

3. A specificationstringwhichdeterminesthebehaviour of thecomponentby meansof a

valuesetto nonputchannelmapping.

The symbolfor the BalsaCasecomponentis the sameasthat of the TangramCASE with

theexceptionthat theBalsaparthasonly nonputoutputactivationports(asopposedto the

bit-strippingoutputportsof CASE) andaparameterisablenumberof suchports.

A single Casecomponentcan replacean entire CASE tree. Multiple input valuescan be

associatedwith a singleoutputactivationandtheContinue-cappingfunctionalityis handled

internally. Thisgeneralityof behaviour isspecifiedby thespecificationstring,whichmustbe

of theform:
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〈case_spec〉 ::= 〈case_spec_term〉 ( , 〈case_spec_term〉 )* ( , _ )?

〈case_spec_term〉 ::= 〈range〉 ( ; 〈range〉 )*

〈range〉 ::= 〈decimal_integer〉

| 〈decimal_integer〉 .. 〈decimal_integer〉

The〈decimal_integer〉 termshouldbeanon-negativeintegerliteral whichis within therange[

0, w2 − 1] wherew is thewidth of theinputport to theCasecomponent.

A semi-colonseparatedlist of 〈range〉smakesupa 〈case_spec_term〉. Each〈case_spec_term〉

specifiesthoseinputvalueswhichshouldinvokethecommandwhich is in thesameposition

in thelist of activenonputchannelsasthe〈case_spec_term〉 is in the〈case_spec〉 list.TheCase

componentwhich implementsthe case commandof the processorexampleof §4.3.2is

expressedin Breezeas:

$BrzCase ( 2,3,"0,1..2,3" | #1,{#2,#3,#4} )

Thechannelnumbersherematchthoseshown in [fig. 5.5] for theactivationsto thecommand

for eachcase.Insteadof beinga〈case_spec_term〉 thelastportspecificationin the〈case_spec〉

maybe‘_’. This indicatesthat theassociatedport shouldbeactivatedfor any valueof the

input channelwhich falls outsidethosevaluescoveredby the other〈case_spec_term〉s, this

is thespecificationfor anelse clause.Without anelse connectiontheCasecomponent

defaults to the behaviour of a Continuecomponentwhen an input value falls outsideits

specifiedranges.

ImplementingCaseis fairly straightforward. As we canbe surethat the specifiedranges

aredisjoint,a pieceof automaticallyoptimisedsum-of-productscombinationallogic canbe

usedto mapinput valuesto output activations. The arrangementshown in [fig. 5.6] shows

sucha pieceof logic, in the form of a PAL, with a rank of AND andsingleinvertedinput

AND gatesgeneratingthe true and complementinputs to the PAL (constitutingdual-rail

encodedversionsof theinputsignals,theisochronicforkspresentin thisdual-railexpansion

canbeencapsulatedwithin a demultiplexer cell). Theoutputsof thePAL areconnectedto
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theoutgoingnonputports’requests.Returningacknowledgementsarecombinedby anOR

gateto form theacknowledgementof the input channel.As previously mentioned,theuse

of anautomatedoptimisationof thedecodinglogic is not a potentialsourceof hazards,this

is becausethe4-phasehandshakingprotocolrequiresthat therequestberemovedfrom the

selectedoutputportbeforeitsacknowledgementis removed. Theoutputrequestisgenerated

from a pieceof combinationallogic for which both thetrueandinverseinputsto theAND

gatesaregatedby theincomingrequestandsotheoutputsof theAND gateswhichmakeup

thefirst level of thecombinatoriallogic cannever gohigh unlessthecorrectinput codingis

present(andoncehigh they arenot lowereduntil theoutputhandshake is completedandthe

input requestis removed). Theimplementationis freeof bothstaticonehazards(dueto the

stablenatureof theinputsafterthearrival of aninput request)andstaticzerohazards(dueto

theSOPimplementationandgatingof bothtrueandcomplementdatainputs).
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Figure 5.6. The Balsa Case component’s implementation

5.1.1.5. Arbitration – Arbiter

TheArbitercomponentusedbyBalsahasthesamerequiredbehaviourasthatof theTangram

ARB component.It isusedtoguaranteethemutualexclusionof twopassivenonputchannels’

communicationsby passinga singlecommunicationat a timeontooneof two activenonput

channels.Thebehaviour is:

Arbiter(inpA, inpB, outA, outB). #[[inpA : outA | inpB : outB]]

Here the arbitratingnatureof the communicationdriven selectionnotation is important.
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It is important to ensurethat the mutual exclusion is enforcedacrossthe entire duration

of the incomingcommunication.This is doubly importantto the useof Arbiter in Balsa

sincethe DecisionWait componentto which it is usuallyconnecteddoesnot ensurea safe

behaviourwherearequestononeinputarrivesbeforethefallingrequestof anotherinput. The

requiredfunctionalitycanbeachievedby theinclusionof a few extragatesarounda mutual

exclusionelement(whichisacell libraryprimitive),[fig. 5.7]showssuchaconstruction.Note

the timed forks which arenecessaryto ensurethat the handover of the mutualexclusion

from the incomingrequeststo thegeneratedacknowledgementscannotglitch dueto a fast

responseof theenvironmentby removing theincomingrequest(sequencedto occurafterthe

acknowledgementreachestheenvironmentbeyondthefork) beforetheacknowledgementis

observedby theORgate.
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Figure 5.7. An Arbiter implementation around the mutual exclusion element

5.1.2. Channel construction components

Themeaningof achannelwithin theBalsaandTangramlanguagesisnotthesameasachannel

at thehandshakecircuit level. A handshakecircuit channelwill connectasinglepassiveport

to a singleactive port in a point-to-pointmanner. Languagelevel channelscanbeusedfor

thesamepurposebut canalsocommunicatein a broadcastmannerwherea singleoutputis

connectedtomultipleinputsfor thepurposeof synchronisedcommunication.Languagelevel

channelscanalsobeusedsequentiallyin a way thatcanresultin thatchannelbeingsplit in

two suchasin thecase:

local channel a : word
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begin
a -> x || a <- 5 ;
a -> y || a <- 10

end

Thetwo (sequential,multiplexed)communicationsona couldeasilybeoptimisedinto apair

of singlecommunicationsontwo languagelevel channels.In themappingof languagelevel

to handshake circuit channelsa setof channelconstructingcomponentsareusedto give us

thesequencedmultiplexing,broadcastandpassivating(theconnectingof many active ports

together)behaviours. Thechannelconstructioncomponentsandtheirusesare:

5.1.2.1. Call and CallMux (MIX and MIX[PUSH])

Call and CallMux implement channelmultiplexing. Call is the samecomponentas a

micropipelinecall,CallMuxincorporatesadatamultiplexersteeringoneof anumberof input

channelstowardsasingleoutputchannel.

5.1.2.2. CallDem ux (MIX[PULL] )

CallDemuxhasthesamecontrolbehaviour asCall andCallMuxbut haspull ratherthanpush

ports. On receiptof a singlerequeston oneof its outputports,theCallDemuxwill request,

receiveacknowledgementfrom andconvey avaluefrom asingleinputport to therequesting

outputport.

5.1.2.3. Fork and ForkPush (FORK)

TheForksdistributeactivations(anddatafor theForkPush)from asinglepassiveinput to all

theiractiveoutputs.In atechnologywherereturntozerosynchronisationisallowable(suchas

a2-phasecomponentsetorcasesof parallelismwhereindependenceof RTZ isnotnecessary),

theFork canbesubstitutedfor aConcursor.

5.1.2.4. Sync h, Sync hPush and Sync hPull (JOIN)

The Synchcomponentsperformsynchronisedcommunication.Synchconnectsa number

of passive nonputportsinto a singleactive nonputport on which onecommunicationwill
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occurafterreceiptof requestsoneachof thepassiveports.SynchPullhasasimilarbehaviour

(with pull ports)but alsoconveysthevaluereadfrom thecommonport to eachof theothers.

SynchPushhasthesetof pull portsof SynchPullbut receivesits input valuealonga passive

(push) input, the value is sent to eachpush output and also along an active ‘extension’

port (which canbeconnectedto thepassive input of a similar SynchPushto form a larger

SynchPushcomponent).ThepushJOINcomponentistheprimarymeansof connectingactive

channelsusedby the Tangramcompilationmechanism,the componentSynchPushfindsa

similar role in Balsa.

5.1.2.5. Passiv ator and Passiv atorPush (PAS)

The Passivator andPassivatorPushcomponentsarevery similar to SynchandSynchPush

except that all portsarepassive and the PassivatorPushcomponenthasno extensionport

(this is in fact the optimisedform of SynchPushwherethe extensionport is connectedto

aContinue).

5.1.2.6. Contin ue, Contin uePush, Halt and HaltPush (RUN, STOP)

Continue and ContinuePush are handshake sinks, they immediately return an

acknowledgementtoany request.This‘null’ behaviourcanbeusefulfor tyingoff unusedports

onothercomponents.Halt andHaltPusharesimilarlysimplecomponents,they never return

anacknowledgementandareusefulfor introducingdeadlockfailureinto descriptions.

The implementationsof all thesecomponentsare identical to their Tangramcounterparts

exceptingthat all the Balsa components(other than the ‘channel terminators’Continue,

ContinuePush,Halt and HaltPush)have a set of arrayedports. The behaviour of the

multi-ported componentsis that of ‘tree’ combinationsof their two-ported Tangram

equivalents, this difference is introduced to allow more compact handshake circuit

descriptionsby gathering togetherglue components(and also allowing balancingand

amalgamationof componentswithin theC-element,OR gatetreesandwire forks of which

thesecomponentsarecomposed).
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5.1.3. Datapath components

The datapathcomponentsarealsovery similar to Tangram.The only notableaddition is

theCaseFetchcomponentwhich is usedto implementnon-constantindexedarrayelement

extractionexpressions.A specificationfor CaseFetchwasgivenin §4.3.1,afurtherdescription

will not begivenhereasCaseFetchrepresentswork in progressin theenhancementof the

Balsalanguage.

5.2. The Breeze intermediate langua ge

TheBreezelanguagehastwofunctionswithin Balsa.Firstly it servesasthehandshakecircuit

target format for the balsa-ccompiler, containingthe handshake componentnetlist for the

compiledcircuit. Secondlyit alsoactsasa library formatfor balsa-casaBreezedescription

canbereadbackinto balsa-candusedasthebasisfor anew description.In thiswayBreeze

allowsusto achievesomelevel of reusabilityandseparatecompilationwithin Balsa.

5.2.1. Breeze syntax

SyntacticallyBreezeis very similar to Balsa,a single designfile will containa number

of declarationsfor constants,typesand parts. All declarationswithin a Breezefile are

exportedfrom it andsoonly a singletop level declarationlist is necessary. Thesingleplace

buffer of §3.1.3, passedthroughbalsa-c,becomes(a few balsa-cgeneratedcommentshave

beenremoved):

-- Breeze intermediate file
-- Created: Fri Nov 28 13:20:33 1997
-- By: bardslea@amu9 (SunOS)
-- With: balsa-c version 970612

type word is 8 bits

part buffer (
passive sync activate;
active input i : 8 bits;
active output o : 8 bits ) is

attributes ( isProcedure,isPermanent,noOfChannels=8 )
local
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sync #1
pull channel #2 : 8 bits
push channel #3 : 8 bits
pull channel #4 : 8 bits
sync #5
push channel #6 : 8 bits
sync #7,#8

begin
$BrzVariable ( 8,1,"x" : #6,{#4} )
$BrzLoop ( #1,#8 )
$BrzSequence ( 2 : #8,{#7,#5} )
$BrzFetch ( 8 : #7,#2,#6 )
$BrzFetch ( 8 : #5,#4,#3 )

end

Thefile beginswith acompile-runinformationcommentblock,typedeclarationsfollow (for

word in thiscase),thenfollowedby part declarations.A partis thehandshakecomponent

implementationof a procedureandwill have thesameport structureastheprocedurefrom

which it wascompiledwith theadditionof a passive syncactivationinput. After theports,

a list of attributes is given,thesemaybeeitherjustnamesor name– valuepairs. Here

therearethreeof them:

isProcedure

This part was compiled from a Balsaprocedureand so can be reconstitutedinto a

procedurewhenreadbackinto balsa-c.

isPermanent

This part returnsno acknowledgementto anactivation(asthereis anunboundedloop

within connectedto that activation). Attributesarea usefulmeansof conveying such

proceduralbehaviour propertiesto back-endtools.

noOfChannels=8

ThenoOfChannels attributehasa numericargument.In thiscasethis indicatesthat

thisparthaseight(handshakecircuit)channelsin itsdefinition. Knowing thenumberof

channelswithin apartdeclarationmayallow a scriptreadingthisBreezefile to allocate

acorrectlysizedarraybeforethechannelinformationis readfrom thefile.

Therethenfollowsa list of all channels,thislist is sequentiallynumberedandincludesthose
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channelsconnectedto thepart’sports(whicharenumbered#1 for theactivation,#2 for input

i andsoon). Thetypingof thesechannelsisreducedtoanumerictypeof thecorrectwidth to

matchtherealtypeof thechannelsasexpressedin Balsa.Thisreductionreducestherequired

complexity of typinghandshakecomponentportsandalsoallows‘dumb’ scriptsto work on

Breezefiles.

Thefinalsectionof apart’sdefinitionis thelist of handshakecomponentsitself. Connections

betweencomponentsandto the portsof the part aremadeto the numberedchannels.No

unresolved connectionsare allowed as no nestingof part definitions is allowable under

Breeze.

The similarity of Breezeto Balsais an intentionalfeatureto allow BreezepartsandBalsa

proceduresto co-exist in thesamefile (thusallowing theimport featureto beimplemented

usingsimplefile inclusion).

5.2.2. Breeze within the Balsa system

Thepositionof theBreezedescriptionwithin theBalsadesignflow is shown in [fig. 4.1]. As

well asitsuseasanintermediatebetweenbalsa-candbreeze2gates,Breezeisthesourceformat

for thebreeze2lardsimulationandbreeze2dothandshakecircuit visualiser.

What is not shown is Breeze’s role asa methodfor including handdesignedcomponents

andcircuitswithin an automaticallygenerateddesign. Hand-craftedpart descriptionscan

beincludedin a Breezefile in thesameform asthoseautomaticallygeneratedif theuserso

desires.Partscanalsobe madeto refer to hand-craftedgateor transistorlevel circuitsby

settingtheappropriateattributeandomittingthepart’scomponentlist (thechannellist must

still remainto allow scriptsto width-wisetypethepart’sports).

The inclusion of Breezepartsinto Balsadescriptionsallows the user to explicitly place

handshakecomponents.Thisfeaturefurtherexpandsthedescriptivepossibilitiesof Balsaby

allowing theuserto circumventthecompilationprocess.
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5.3. The breeze2gates handshake component to
gate mapper

Thebreeze2gatestool describedhereis currentlyonly a prototypefor a completegatelevel

mappingtool. The functionsandinternalstructuresfor sucha tool areoutlinedherealong

with thecurrentsupportprovidedby breeze2gates.Sucha tool hastwo mainfunctions:

1. To interactwith thetargetCAD systemto determinewhich parameterisedcomponents

requiredof a designare alreadypresentin that system’s database.The remaining,

non existent,componentswould be generatedby breeze2gatesand enteredinto the

CAD system.

2. To generatea native formatnetlistof thehandshakecircuit’sstructurefor entryinto the

targetCAD system.

Thecompletedbreeze2gateswill replacethesingle-railback-enddevelopedfor theTangram

HCL to structuralVerilog mappingby the EXACT project at Manchester. That tool was

written in the Cadencedesignframework’s internalscriptinglanguageSKILL (which has

aspectsof both Lisp and C) and interfaceddirectly with Cadenceby performinginternal

databaselookupandsymbolmanipulationthroughSKILL’sdatabaseprogramminginterface.

In ordertoallow adegreeof portabilitybetweenCAD systems(andalso,possiblyprimarily,to

allow developmentwithouthaving to interfaceto a large,runningCAD system)breeze2gates

is currentlyimplementedin Perl.

5.3.1. Perl – the practical extraction and repor t langua ge

Perl1 [30] is a very similar languageto SKILL in many ways. Perlwasdevelopedby Larry

Wall as a practical scripting languagefor systemadministrationtasks.It incorporates

the imperative, iterative style of C (with supportfor formattedoutput,patternmatching

and persistentobjects)with the native supportfor list datatypes,garbagecollection and

manipulationson listsof Lisp. Perlalsoprovideshashes(associativearraysor dictionaries),

list / arrayduality (both indexing andlink-following for lists) anda stand-alone,scripting

1alsoknown asthePathologicallyEclecticRubbishLister, thisnameis actuallyin thePerlUNIX manualpage!
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naturewhichallowsbreeze2gatesto beimplementedasaseparateprogramfrom balsa-cand

the target CAD system.A final implementationmay however favour a different language

asPerlhasa reputationfor obscuresyntaxandcontext dependentevaluationof expressions

(e.g.evaluatinga list in scalarcontext will returnthenumberof itemsin that list, not report

an error)which make debugginga chore. The embeddableScheme[40] interpreter, Guile

(GNU UbiquitousIntelligent Library Extension,[39]) may offer a bettersolution to both

the generationof back-endscriptsand the internaldebuggingof balsa-c.Guile allows C

andSchemeto sharedatastructuresin sucha way thata programcanbeconstructedfrom

componentsfrom bothlanguages.

5.3.2. The Breeze parser and the netlist format

Breeze2gatesreceivesasits input a Breezefile describingthe designto be mapped.Only

flattenedhandshake componentdescriptionsareconsideredherebut a completetool would

includeprovisionfor atreeof Breezefilestobeincludedprovidingdifferent,possiblynested,

partsof a design.TheBreezefile is processedby a parserandtransformedinto aninternal

netlist format,type andconstantinformationis discarded,breeze2gatesonly considersthe

widthsof channelsto be significant. The five componentbuffer Breezeexamplegiven in

§5.2.1would in theinternalformatbecome:

[ [’BrzVariable’, [8,1],
[[’gp_6’,0,[[’b_6’,8,0]]],

[’gp_4’,1,[[’b_4’,8,1]]]]],
[’BrzLoop’, [],

[[’gp_activate’,0,[[’c_activate’,0,0]]],
[’ga_8’,0,[[’b_8’,0,0]]]]],

[’BrzSequence’, [2],
[[’gp_8’,0,[[’b_8’,0,0]]],

[’ga_7_5’,2,[[’b_7’,0,0],[’b_5’,0,0]]]]],
[’BrzFetch’, [],

[[’gp_7’,0,[[’b_7’,0,0]]], [’ga_i’,0,[[’c_i’,8,1]]],
[’ga_6’,0,[[’b_6’,8,0]]]]],

[’BrzFetch’, [],
[[’gp_5’,0,[[’b_5’,0,0]]], [’ga_6’,0,[[’b_6’,8,1]]],

[’ga_o’,0,[[’c_o’,8,0]]]]]
]
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Thisisaveryregularbutdifficult (for humans)toreadformat. In Perl,squarebracketsdelimit

listsof values.Thisis, therefore,a list of components.Eachcomponentis a triple (or rather:

a list of threeelements)of (name,parameterlist, port list). Eachport isalsoatriple,thistime

of (name,numberof subports,subportlist). A subportisacomponentportof anarrayedport,

thesecondport of theSequencecomponentin theabove exampleis a goodexampleof an

arrayedport (theportnamedga_7_5 whichis a two elementarrayof channels#7 and#5).

Non-arrayedportshaveasubportcountof zeroandonly asinglesubportin theirsubportlist.

Eachsubportis a triple of (name,width, is pull) whereis pull is 1for apull channeland0 for

apushor syncchannel.

The namingof ports,and subportsis consistentwith either their channelnumberor port

name (in the caseof external ports). External ports are namedc_externalName ,

internalchannelsareb_channelNumber andgroupsaregp_subportNameList or

ga_subportNameList dependingon thesenseof thatport. Thisexplanationillustrates

the verbosity(andoverbracketted!)natureof a consistentsimplenotationfor representing

netlistsin alist form. A similarformof netlistrepresentationisusedfor gateleveldescriptions

(wheretheport–subportrelationshipbecomesaformof busconstruction–ripping)with each

componentexplicitly placedby breeze2gatesrequiringthelongform notationto beusedfor

its instantiation.

5.3.3. Scripting to specify parameterisab le components

EachparameterisablecomponenthasthreeassociatedPerl functions:ComponentName,

ComponentPorts and ComponentInstances which return the name, port

specification and component lists for Component . The ComponentInstances

functionis themostimportantof theseasit actuallyperformsthedutyof parameterisingthe

componentsgatelevelimplementation.Asanexample,hereistheSynchPullInstances

function:

# SynchPullInstances – make a SynchPull with
# outputCount width sized ports
sub SynchPullInstances # args: width outputCount
{

my ($width, $outputCount) = @_;
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my $i;
# Join input ack. to pout acks. through a fork
my @instances = (ForkTree (0, [’inp_a’,0,1], ’ack’,

SingletonSlicesAcrossNameRange
(’pout’,’_a’,0,0,$outputCount)),

# Combine pout reqs. to inp req. via a C-element tree
CElementTree ([’inp_r’,0,1], ’req’,
SingletonSlicesAcrossNameRange

(’pout’,’_r’,0,0,$outputCount)));
# Handle the data connections (wire forks)
for $i (0 .. ($width-1))
{

push @instances,(ForkTree (0, [’inp’,$i,1], ’data$i’,
SingletonSlicesAcrossNameRange

(’pout’,”,$i,0,$outputCount)));
}
return \@instances;

}

ThefunctionsCElementTree andForkTree createarbitrarywidth treesof C-elements

andwire forks (with buffering) respectively. Togetherwith port wire slicing functionslike

SingletonSliceAcrossNameRange (whichextractsa list of eachith signalfrom the

givenport array)andInvTree which createsa bufferedinvertertreewe canconstructany

of the channelinterconnectingcomponentsin only a few linesof code. The advantageof

writing sucha parameterisingfunctionin a languagesuchasPerlratherthanrelyingon the

parameterisationexpressive functionality of hardwaredescriptionlanguages/ file formats

suchasVHDL andEDIF is the flexibility which a programminglanguagegivesto allow

the parameterisationto be expandedto encompasstechnologydependentfeaturessuchas

timing analysis(a parameterisingfunction could potentially calculateworst casedelays)

and capacitive load balancing(such as is employed in the InvTree and ForkTree

functions).

The gate level descriptionsof handshake componentsare printed from the internal form

into a file in the structuralVerilog format. This is thenreadinto CadenceusingVerilogIn

which createsa basicsymboland(usuallyfairly poorly laid out)schematic.Thehandshake

componentnetlist is treatedin a similar fashionto createthe final, hierarchical,designin

Cadence.As the internal form of the netlist is independentof the target CAD system’s

netlist format, formatsother than Verilog (structuralVHDL, EDIF or BLIF for example)
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maybegeneratedby changingthechoiceof functionsusedto maptheinternalform into the

file-borneformat.

5.4. Peephole and gate-le vel optimisations

Optimisationsto handshakecircuitscantakeplaceatseveraldistinctstages:

• Languagelevel optimisations.Thesearetypically performedduringattributegrammar

evaluationandincludeconstantfolding andunreachablecoderemoval.

• Handshake componentpeepholeoptimisation. Post-compilationoptimisationson the

handshakecircuit netlist. A typicalexampleis theremoval of TangramCON connector

componentswhen compiling using the Tangram compilation function (the Balsa

compilergeneratesnoconnectors).

• Gatelevel peepholeoptimisations.Gatelevel optimisationsare typically performed

asa final stageafterflatteningthehandshake componentsof thecircuit into individual

gates.Timingrelatedgatesubstitutionsuchastheremovalof Fork – Delay– C-element

structuresaroundvariablereadportsin expressions([4] outlinesmanysuchoptimisations)

mayalsocomeunderthisheading.

Many optimisationsare possibleand the balsa-ccompiler and breeze2gates back-end

implementsomeof themorestraightforwardlanguagelevel andhandshakecomponentlevel

cases.Thissectionwill berestrictedtoadiscussionof theoptimisationsurroundingselect

implementationasthisis themajornew featurewhichBalsaintroducesoverTangram.

In the compilationof select , handshake componentand gate level optimisationmay

be employed to producesignificantly more areaefficient implementations.Two notable

handshakecomponentoptimisationsexist:

5.4.1. DecisionW ait activ ation remo val

In eachof theexamplescombineandmux(introducedin §3.2.2.2and§3.2.2.1respectively)

thereis anunboundedrepetitionof theselectbehaviour. In practicetheactivationsof these

procedureswould oftenappearat thetop level of a circuit description(connectedto a Fork
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componentactivatedby theactivationfor thewholecircuit). Theactivationon therepeater

is thereforeactingasa circuit reset.Theactionof theDecisionWait elementin allowing the

activationof theguardedcommandto bestalleduntil thearrival of thecircuit activation is

madeunnecessary. TheDecisionWait componentandtherepeatcanthereforeberemoved.

Theactivationsignalsfor the guardedcommandswould thenbe sourceddirectly from the

incomingrequestson the guardingchannels.If theserequestsareheld low during circuit

initialisation,thecommandactivationswill besimilarly low andsotheself-initialisingfeature

of handshakecircuit descriptionsis preserved.

5.4.2. FalseVariab le – Transf errer remo val

In the mux example,once the DecisionWait componentis removed due to the previous

optimisation,the activationsof the guardedcommandsareeachconnecteddirectly to the

activation port of one of two transferrers.The input portsof thesetransferrersare each

connectedto the readport of the sameFalseVariablethat provides their activation. The

FalseVariable/ transferrerpaircanbeseentoactasaconnectorfrom incoming(selected)port

to theoutputportof thetransferrerandsobothcomponentscanbediscarded.

For the mux example this leads to the interestingresult of the final, post-optimised

implementationbeinga singleCallMux componentfrom input ports(a, b) to output port

(c). Balsa’senclosingselectconstructallows theuserto describe(andsoallows theuserto

explicitly describe)apushhandshakecomponentwhichwouldotherwiseonlybeavailableto

theuserthroughchannelmixing or sharedvariablewrite ports.

Thegatelevel implementationof thecombineexamplegivenin §3.2.2.2(whosehandshake

circuit is shown in [fig. 3.2]) is shown in [fig. 5.8]. This shows the typical implementationsof

FalseVariableandDecisionWait componentsfor caseswherethe input andnonputchannel

protocolsarethesame(assumingbroadinputchannels,broadnonputchannelsandareduced

broadprotocolon thereadsideof FalseVariables).

Theenclosureof FalseVariablereadportaccesseswithin the‘signal’basedactivationallowsa

verysimplereadportimplementationin mostprotocolcombinations.Broadreadportswould

incur thecostof a latch,with differingreadandwrite port protocolsthemismatchcouldbe
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solvedby aprotocoladapterin thewrite – probepathinsidetheFalseVariable.

The DecisionWait implementationshows only a single passive channel(other than the

activation), this componentis equivalent in function to the SynchPushcomponentwith

theactivationandpassive input astheSynchPush’s two passive inputs. For DecisionWaits

with two or moreinputs(let ussayn inputs)theC-elementandfork becomen C-elements,

n (self timed) forks, an n-way isochronicfork supplying the activation requestto each

of the C-elementsand an n-way OR gate (or similar merge element)connectingthe

forked acknowledgementsof the active ports to the activation acknowledgement.The

untimed forks in the acknowledgementpathsimply that the completeenclosureof the

guardingcommunicationacknowledgementwithin theactivationcommunicationcannotbe

guaranteed.This is not an issuehowever asthis behaviour is commonto passivator based

communicationstructures(whereanacknowledgementisforkedtowardsanumberof passive

ports)and expressesthe generalresult that (under tracereorderingin a delay-insensitive

setting) the enclosureof a passive ported communicationby another passive ported

communicationhasnofixedacknowledgementordering.

Examplesof possiblegate level optimisationson the handshake circuit of the combine

exampleare:

• Removal of the delaymatchingandC-elementrendezvousof the FalseVariableread

portsandCombinecomponents.TheC-elementin questioncouldbereplacedbyasingle

delayor the inclusionof this delayin theactivationpathof the transferrer(or indeed

the DecisionWait, SynchPushor both FalseVariable’s signalports). This is a timing

relatedoptimisation.

• Amalgamationof thetwo input C-elementsin theSynchPushandDecisionWait into a

singleC-element.

• Removal of the SynchPushcomponent’s C-elementin the casewhere inputs a and

b are sourcedfrom variablesand so have only delay elementsin their request–

acknowledgementpaths.
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After removal of theDecisionWait andtheC-elementwithin theCombinecomponent,the

implementationof thecombineexamplebecomesthecircuit shown in [fig. 5.9]. This circuit

bearsa closeresemblanceto theoriginalpull combinecomponentexceptthattheoperation

is now datadriven.

C

C

c

a

b

C

FalseVariable

FalseVariable

DecisionWait

Fetch

Loop

combine ::

Combine

SynchPush

Figure 5.8. Gate level implementation of combine – before gate level optimisation

C

a

b
c

FalseVariable

FalseVariable

Combine

Fetch

combine     ::
opt

SynchPush

Figure 5.9. Gate level implementation of combine – after gate level optimisation

5.5. Simulation using LARD

5.5.1. Choosing the ‘level’ of sim ulation

Simulationof a Balsadescriptioncanbeperformedat severaldistinct levelsof abstraction

(in muchthesamewaythatoptimisationscan). Theseinclude:
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Languagelevel behavioural simulation

A simulatorwouldbeconstructedwhichacceptsBalsaasaninputformatandiscapable

of executingBalsa within a debugging environment. Alternatively Balsa could be

transformedinto theinput languageof anexistingsimulationsystem.

Handshakecomponentsimulation

The behaviours of the individual handshake componentsof the compiled Balsa

descriptionare simulatedas a channelconnectedcomposition. Direct relationships

betweenthecomponentsandchannelshereandthosein thesourceBalsaarestill evident

(largelydueto thetransparentnatureof thecompilationscheme),estimatedtiming may

alsobeintroduced.

Gate level simulation

Either the flattenedor hierarchical(the hierarchy being definedby the composition

of handshake components)gatelevel netlist couldbeusedasthebasisfor simulation.

Realisticgatetimingsandestimatedinterconnecttimingscanbeintroduced.

Switch and analogueextractedlayout basedsimulation

Post layout capacitance/ resistanceextractionwith transistoror cell level switch or

analoguemodelscanbeusedto performmoretiming accuratesimulation. This is the

lowestlevel of simulationusuallyperformedandtypically consumesmoresimulation

runtimethanany otherform.

As theaim of simulationat thecurrenttime is to judgethecorrectfunctionof descriptions

andthereliability of thecompilationmechanism,realistictiming is notof greatimportance.

The possibilityof further changeto the Balsalanguageandthe difficulties this maycause

in re-implementationof any languagelevel simulator would tend to favour handshake

componentlevel simulation.Therequirementsfor suchasimulationenvironmentare:

• Thesimulationlanguagemustbeableto specifythehandshakecomponentsat a signal

transitionlevel andallow theinclusionof back-annotatedtiming if necessary.

• An environment must exist for the graphicaldisplay of simulation resultsand the

debuggingof developingdescriptions.
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• Theenvironmentmustbeportableto asimilardegreeastheBalsatool setandallow for

the easy(free?)distribution of both simulationmodelsandpossiblythe environment

itself.

Fortunatelythechosensolutionpresenteditself in theform of LARD [35], theLanguagefor

AsynchronousResearchandDevelopment,createdby Phil Endecottaspart of a projectto

aid the modellingandrefinementof the AMULET3 microprocessorwithin the AMULET

group.

5.5.2. LARD sim ulation

LARD provides CSP-like mixed sequential and parallel commands with channel

communicationasabasiclanguagefeature.LARD for themostpartresemblesaconcurrent

programminglanguage,beingbuilt aroundasharedmemory,time-slicemulti-threadedvirtual

machine.Communicationprimitivesareimplementedontopof thismachineandfunctionby

signallingdatavalidity throughanelementof asharedmemorystructure.Ontopof LARD,

an expandedchannellibrary is usedto provide pull channelsandpull channelhandshake

enclosureprimitivesto the user(this library waswritten by JohnBainbridgeandexpands

LARD’ssingle-track-likecommunicationprimitivestosupport2and4-phaseearly,late,broad

andtri-state’ablechannels).

On top of these,a library of handshake componentbehavioural descriptionsforms the

functionalcoreof eachsimulation.LARD providestype-polymorphicfeatureswhich make

thedescriptionof parameterisablehandshake componentssimple,thereis no needto create

specificinstancesof therequiredcomponentsfor eachdifferingsetof parameters.TheLARD

type int which is theusualtypefor numericinformationin LARD modelsdoespresenta

problemwherethesimulationof Balsadescriptionsisconcerned.A Balsatypemayhaveany

positivenumberof bitslimitedonlybythenativeintegerrepresentationof thetargetmachine,

thisis a limit on thenumber of bits in eachtypenot thattype’snumericrange.

The LARD int type only allows 32bnumbersto be representedandso to implementthe

multi-precisionarithmeticof Balsaadifferenttypemustbeusedfor simulatedchannels.In the

currentversionof thesimulationgeneratoreachchannel’svalueis representedby anarrayof

booleanelements,onefor eachbit of thatvalue. Thisis a fairly poorencoding(32brequired

Chapter 5. Handshake Component Implementations and Simulation 112



5.5. Simulation using LARD

for eachbit represented)andmaybeimproveduponin futureversions.

Thetransformationfrom Breezeto LARD is performedby thePerlscriptbreeze2lard.The

outputof breeze2lardis fed into the LARD compilerandthenonto the LARD simulation

environment. TheLARD environment’s channelviewer allows eachhandshake channelin

thedesigntobemonitoredandfor thebehaviour of thedesigntobeobserved. Testharnesses

canbewritten in eitherBalsaor LARD andcompiledinto thesimulationusingbreeze2lard

andtheLARD compiler. An exampleof theenvironmentin actionis givenin §6.1.

5.6. Chapter summar y

This chapterhasdescribedgate level implementationsof the new handshake components

introducedin previous chapters.Short descriptionsare given of all the componentsof

theBalsahandshake componentsethave beengiven togetherwith a meansfor simulating

handshakecircuitsusingtheasynchronousmodellinglanguageLARD.

Peepholeoptimisationsof commonusesof theDecisionWait andFalseVariablecomponents

aresuggested.A descriptionof many suchoptimisationspossiblein thecoreof components

whichBalsashareswith Tangramcanbefoundin Ad Peeter’sPh.D.thesis[4].

Significantoptimisationsto theinput selectionmechanismareproposedfor caseswherethe

activationof theselectioncommandis ‘directly’ connectedto thetop level circuit activation

througharepeater. Initially therequirementfor anactivationappearsto beadisadvantageof

handshakecircuitswhencomparedtootherdescriptionswhereonlyacircuit resetis required.

This is misleadingasin themajorityof caseswheretheactivationis not used(i.e.connected

througharepeaterto thecircuit activation)theremovalof acknowledgementpathgatesleads

to circuitssimilar to thosecreatedby designstyleswhich includeanexplicit resetsignal.
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Two exampledesignsaregivenhere:a communication-coupled-blockmodelof theSTUMP

microprocessoranda simpler, sequentialdescriptionof the SSEMprocessor. Thesewere

chosenastestdesignsdueto their limited sizeandthedesireto give examplesof both the

Tangram/ CSPdescriptivestylewith theSSEMimplementationandof theuseof enclosing

selectionin thedescriptionof apushcommunicationblockmodelledprocessor, STUMP.

6.1. The small scale experimental machine , SSEM

Thesmallscaleexperimentalmachine(SSEMor theBaby)wastheprototypeimplementation

of the ManchesterMark I digital electroniccomputer. In Juneof 1948the SSEMran its

first programandbecamethe world’s first storedprogramdigital computer. A replicaof

thisoriginal valve andWilliams tubebasedmachinehasbeenconstructedby theComputer

Conservation Societyat ManchesterComputingwith assistancefrom The University of

ManchesterandICL PLC. Thecommissionedreplicashouldexecutethatsamefirst program

in Juneof 1998to celebratethe th50 anniversaryof computingin Manchesterandthebirth

of moderndigital computing.It seemsfitting to usethisverysimplecomputerasanexample

to demonstratethe capabilitiesof Balsaasa circuit synthesissystemand to contrastthe

advancementof computingtechnologyfromracksof valvesandCRT’sin abit serial,multiple

cascadedclock computerwith just 32wordsof storeto a VLSI implementationof thesame

designwith abit paralleldatapathandasynchronouscontrol.

6.1.1. The behaviour of the SSEM

The behaviour describedhereis that outlined in the documentationto M1SIM, an SSEM

emulatorwritten by Andrew Molyneux which runsunderDOS on IBM compatiblePCs.

Equivalent behaviour with respectto the rebuilt SSEM is dependenton the accuracy of

thisdocumentation.
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The SSEM is a 32b processorwith a single (fixed length) instructionformat specifying

an instructiontype andan absoluteaddressfor that instruction’s operand.This is a single

addressinstructionmachinewith a singleaccumulatorregister. ALU operationsareof the

formACC := ACC ⋅ M[absolute]. OnlytherelativejumpinstructionJRPtreatstheaddress

field asanything otherthananoperandaddress.JRPaddstheaddressfield valueto theCI

(Control Instruction,the programcounterin modernterminology)register. The absolute

jump instructionJMPusestheaddressfield to fetch the jump targetaddressfrom thestore

somakingJMPanabsoluteindir ect jump instruction. TESTis the third andfinal form of

jump. TESTskipsthenext instructionif ACC ≤ 0 andis theonly instructionwhich hasa

conditionaloutcome.

Thesingleinstructionformat is shown in [fig. 6.1], theaddressfield beingsplit betweenhigh

order(CRT selection)andlow order(CRT line select)bitsaseachCRT canhold 32 linesof

32beach.Herewe consideronly a singleCRT designandsoonly the5b low orderaddress

field is relevant.

28293031 161718192021222324252627 123456789101112131415 0

LINE ADDRCRT ADDRINSTXXXXXXXXXXXXXXXX

Figure 6.1. SSEM instruction format

Executionof aninstructionproceedsin thefollowing order:

1. CI := CI + 1 – IncrementCI

2. PI := M[CI] – Fetchinstruction(PI is thepresentinstructionregister)

3. Decodeandexecuteinstruction,with memoryoperandfetchif necessary

Thissequencerepeatsuntil a STOPinstructionhaltsthemachine.Noticehow incrementing

CI occursbeforeinstructionfetch andso the first instructionto be executedwill be from

address1.

6.1.2. The Balsa top level

The instructionformatandthis fetch– executeloop behaviour give thebasisfor theBalsa
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description:

-- Balsa SSEM description, first attempt

type Word is 32 bits

type SSEMFunc is enumeration
JMP, JRP, -- Abs. and rel. jumps
LDN, STO, -- Load negative and store
SUB, SUB_alt, -- Two encodings for subtract
TEST, STOP -- Skip and stop ;)

end

type SSEMInst is record
LineNo : 5 bits;
CRTNo : 8 bits;
Func : SSEMFunc

over Word -- Pad 16b to 32b

-- First attempt at SSEM top level
procedure SSEM ( … ; sync Halted ) is
local

variable CI, ACC : Word
variable PI : Word -- cast to SSEMInst where needed
variable Stopped : bit
… -- other declarations

begin
ACC := 0 || CI := 0 ||
Stopped := 0; -- reset initialisation
while not Stopped then

IncrementCI();
FetchInstruction();
DecodeAndExecuteInstruction()

end;
halt; sync Halted -- STOP instruction effect

end

The Stopped variableallows us to definea behaviour for the STOP instructionwhich

is not part of the main fetch – executeloop (which also signalscompletionalong the

Halted port). The three proceduresIncrementCI , FetchInstruction and

DecodeAndExecuteInstruction will be filled in to provide the requiredfunctions.

For example:

procedure IncrementCI is
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begin CI := (CI + 1 as Word) end

Is a serviceableIncrementCI procedurebut doesintroducean extra, temporarilyused,

variablein which to storethe resultof the expression(CI + 1 as Word) beforethe

assignmentto CI . Thisvariableis placedby thecompilerto preventthereadfrom CI from

overlappingthewrite backinto CI (whichwould,with atransparentlatchimplementationor

a transferrerspecificationwhich allowsoverlappingof handshakeson readandwrite ports,

causea raceconditionbetweenthecompletionof thewrite andthepropagationof thenew

valuebackto theinputsof theadder).We cansharethis temporaryvariablebetweenother

CI modifyingassignmentsby makingit explicit:

variable CI_slave : Word

procedure IncrementCI is
begin CI_slave := (CI + 1 as Word) end

The contentsof CI_slave then needto be assignedinto CI at the end of instruction

execution.

6.1.3. Memor y

Instructionfetchis justamemoryreadwith assignmentinto thePI. SSEMmustgainportsto

accessmemory, say:

MemRNW Directionselect.Zerofor write to memory, onefor read.

MemA Memory address,32b wide: only the five least significant bits are

significant.

MemR Memory data read port. A read operation will have the form:

MemA<- address || MemRNW<- 1 || MemR-> MDR

creatinganew registerMDRto hold incomingdata.
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MemW

Memory datawrite port. A write operationwill have a similar form:

MemA<- address || MemRNW<- 0 || MemW<- data .

Threesharedprocedureswill beusedto accessmemory, namely:

MemoryWrite

Write ACCvalueto theaddressgivenin thecurrentinstruction.

MemoryRead

ReadACC_slave value (usinga slave for ACC in much the sameway asCI and

CI_slave ) from theaddressgivenin thecurrentinstructioninto MDR.

InstructionFetch

Readnew PI valuefrom theaddressheldin CI_slave .

TheFetchInstruction procedurecannowbecomejustacalltoInstructionFetch .

Thereadinstructionis now readyto beexecuted.

6.1.4. Decode and execute

Decodingandexecutionof thefetchedinstructionisdonewithin acase statement.Eachof

theseveninstructionsmatchesasinglecaseandinvokesacommandwhichwill containcalls

to thesharedprocedures.Theproceduresthemselveswill only beinstantiatedoncebut may

becalledby eachof thecasecommandsasonly onecommandmaybebeingexecutedatany

giventime. Thecase commandlookslike:

case (PI as SSEMInst).Func of
-- Absolute jump

JMP then MemoryRead(); CI_slave := MDR
also JRP then

-- Relative jump
MemoryRead(); CI_slave := (CI + MDR+ 1 as Word)

also LDN then
-- Load negative
MemoryRead(); ACC_slave := ( - MDRas Word)

Chapter 6. The example designs, the SSEM and STUMP 118



6.1. The small scale experimental machine, SSEM

also STO then MemoryWrite()
-- Subtract memory from ACC

also SUB .. SUB_alt then
MemoryRead(); ACC_slave := (ACC - MDRas Word)
-- Skip on negative ACC

also TEST then if (ACC as array 32 of bit)[31] -- -ve?
then CI_slave := (CI + 2 as Word) end
-- Stop dead

also STOP then Stopped := 1
end ;
-- Copy slaves into master variables
ACC := ACC_slave || CI := CI_slave

Theupdatingassignmentsof ACCfrom ACC_slave andCI from CI_slave areshown

sequentialto thecase command.

Noticethateachof theSUBandJRPinstructionsmakesuseof a dyadicoperator(subtract

and add in thesecases)and that the LDN instructionnegatesMDRbeforeassigningit to

ACC_slave . TheadditionCI + MDR+ 1 usedbytheJRPinstructioncouldbeoptimised

from two additionBinaryFunccomponentsto just oneadderwith a carry-in of 1. All of

theseoperationscould be replacedwith a sharedsubtractprocedure.For examplethe the

expressionCI + MDR + 1 usedin theJRPinstructioncanberewrittenasCI + ( ∼ ( ∼ MDR

)) + 11 which is equivalentto CI − ( ∼ MDR) whichcanbeperformedby two passesthrough

a singlesubtracter(MDR′ := FFFF16 − MDR followedby CI − MDR′). Sucha substitution

would make anexcellentareaoptimisation,removing at leastone32badderstructurefrom

theoriginaldesign.

6.1.5. Compilation and sim ulation

Thiscompletesthedescriptionof theSSEMwith a numberof languagelevel optimisations

(theuseof sharedproceduresandremovalof auxiliaryvariablesby theuseof explicit ‘slave’

variables).Thisdesigncanbecompiledby balsa-cinto handshakecomponentsandthenby

breeze2lardto LARD andsosimulatedwith LARD. Thehandshakecircuit implementation

of this example(in Breeze)andthe full Balsasourcearegiven in appendixA. This could

1Theprefixoperator‘ ∼ ’ is usedhereto indicatethebitwisecomplementof theargument.This is the‘ ∼ ’ operator
from theC language.
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befurtherimproveduponby sharinga subtractorfor all theinstructiontypes.Thecompiled

circuit cannow befed throughbreeze2lardandbesimulatedwith LARD.

6.1.5.1. Compilation times

Balsa-ccompilationof thisexampletakes20ms(onaPentiumII-266,timesarenotdissimilar

for theSunWorkstationbinary),executionof breeze2lardto producea LARD designtakes

a further360msandthecompilationof thatLARD into abyte-codefile takes1.4s(thisbeing

themostcomplicatedstep).For acompletecompilationfrom theBalsafile andaLARD test

harnessandtheLARD linking of designandtestharnessintoasinglebyte-codefile takes6.3s.

Theseveryshortcompilationtimesmaketheuseof LARD aspartof acompile– simulate–

debugdevelopmentmethodapracticalproposition.

6.1.5.2. The test harness

For theSSEMthetestharnessconsistsof aLARD modelof asimple32wordmemorymodule

with similarportsto theSSEMdescription.Thememoryis loadedfrom astringarraybefore

invocationof theSSEMprocedure.ThemainLARD expressionof thetestharnessis:

(
breeze_SSEM (c_activate, c_mem_addr, c_mem_rNw,

c_mem_R, c_mem_W, c_halted) |
Memory (c_mem_addr, c_mem_rNw, c_mem_R, c_mem_W,

c_halted) |
( c_activate ! null )

)

This joinsmemoryandprocessortogetherandalsoprovidestheactivationfor theprocessor

by wayof theoutputcommandwith a null argument.Within theLARD environmentwe

canseewritesto andreadsfrom memoryaschanneltransactions.

6.1.5.3. Simulation

A smallSSEMprogramis usedto demonstratethis model. Theprogramconsistsof eight

instructionsandthreeconstantwordsandperformsthecomplicatedtaskof countingfrom 1

to 4. In its entiretytheprogramis:
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org 0
loop: data 0 ; Target address for JMP loop

org 1
LDN sum ; ACC := -M[sum]
SUB one ; ACC := (-M[sum]) - 1
STO sum ; M[sum]’ := (-M[sum]) - 1
LDN sum ; ACC := -M[sum]’
STO sum ; M[sum]” := -M[sum]’

; => M[sum]” := M[sum] + 1
SUB four ; ACC := M[sum]” - 4
TEST ; skip if ACC < 0
STOP ; stop if ACC >= 0
JMP loop ; CI := M[loop]

org 16
one: data 1 ; constant 1
sum: data 0 ; start sum at 0
four: data 4 ; iteration count

Figure 6.2. SSEM test program running in LARD

Theprocessorhasnodirectaddinstructionor un-negatedloadandsothisconvolutedmethod

mustbeusedto ensurethattheresultis correctbeforetheterminationcondition(ACC = 4) is
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evaluated.Therunningprogram(in theLARD channelviewer)isshown in [fig. 6.2]. Onlyone

loopiterationisshown,thepairedmemorywritesassociatedwith thetwoSTOinstructionsper

loopiterationcanbeclearlyseen(onchannelmem_W)ascanthepairedinstruction/ operand

memoryreads(onmem_R).

Thespeedof therunningsimulationremainsaproblem.Thissmallexampletakes32sto run

on thesamesystemon which it waspreviouslycompiled.Thismaynot beanunacceptable

timeto wait for thissimulationbut atonly oneinstructionpersecondfor suchasmalldesign

thisis anunacceptablyslow simulationenvironment.Thisslownessis in themaindueto the

inefficientdataencodingpresentlyusedin Balsato LARD simulations(thebooleanarrays

usedfor eachchannel’sbundleddataleadto UnaryFuncandBinaryFunccomponentsbeing

implementedin bit serial fashionfrom loopsiteratingover thosearrays). The numberof

channelsgeneratedby a handshakecircuit descriptionalsoslow down simulation,especially

whenall channelsaretracedasis thecasehere.

6.2. A simple 16b RISC, STUMP

STUMP1 is a very simple 16b RISC microprocessorused to teach the principles of

microprocessordesign and implementationas well as the hazardsof non interlocking

pipelinedprocessors.Theinitial designfor STUMPwasdevisedby theauthoraspartof an

undergraduateprojectandaugmentedbyDougEdwardsin its transformationfrom toy design

to teachingtool [9]. ThesynchronousSTUMPhas:

A thr eestagepipeline

Fetch,executeandresultwrite back

Thr ee16bfixed length instruction formats

Rdst := Rsrc1 ⋅ Rsrc2, Rdst := Rsrc1 ⋅ Immediateandthebranchinstructionformat

1The nameSTUMP is meantto be a pun on the nameARM (a STUMP beinga cut down ARM). The nameis
misleadingasSTUMPis notbasedon theARM design.
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Nine instructions

ADD, ADC,SUBandSBC(additionandsubtractionbothwithoutandwith carryinput),

AND andOR(logicaloperations),LD andST(memoryloadandstore)andB(PCrelative

branchwith 8boffset).

Six generalpurpose16bregisters

R1..R6,R0 is fixedto theconstant0,R7is theprogramcounteravailableaspartof the

registerbank)

A single4b condition code

N, C, V and Zs flag in the CC register which is conditionally loadableby ALU

instructions.

A singleALU

Inline,oneplace,shift androtateoperationsfor registerto registeroperations.

Singlecycleinstruction pipelined execution

A CPIof 1for all instructionsexceptLD andSTwhich take2 cycles.

The threeinstructionformatsareshown in [fig. 6.3]. The INST field codesfor the 6 ALU

instructions(ADD ..AND), memoryoperations(LD andSThavethesameinstructionnumber,

LD beingdistinguishedfrom ST by thevalueof theLDCC flag)andthebranchinstruction.

A suitableBalsaenumerationtypewouldbe:

-- InstructionType: STUMPinstruction encodings
type InstructionType is enumeration

ADD, ADC, SUB, SBC, OR, AND, LD, ST=LD, B
over 3 bits

TheLDCCbit issetfor anALU operationwherethatinstructionshouldupdatethecondition

codebasedon its result. ALU operationseithercombinetwo registersto producea resultor

a registeranda5bsignedimmediate.For non-immediateinstructionstheremainingtwo bits

(5bimmediatefield lessthe3bregisterfield,thefieldmarkedROT in theinstructionencoding)

specifyaninline rotateoperationfor thesecondregisterbeforetheALU.
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0123456789101112131415

INST DST

LD
C

C

SRC1 SRC2 ROT0

1111 OFFSETCOND

INST DST

LD
C

C

SRC11

0111

IMM

X X X X X X X X X X X X

Branch: PC := PC + offset

Undefined/reserved

ALU/Memory: Rdst := Rsrc1 op imm

ALU/Memory: Rdst := Rsrc1 op rot(Rsrc2)

Figure 6.3. STUMP instruction formats
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Figure 6.4. Synchronous STUMP organisation
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Thetoplevel arrangementof thesynchronousSTUMPis shown in [fig. 6.4], unitswhichhave

stateholding(latch)behavioursareindicatedby anedgesensitiveclock input. Thefunctions

of theunitsnamedin thefigureare:

Control

Thecontrolunit providescontrolsignalsto all otherunitsandadministersthe overall

stateof themachine.

RegisterBank

Theregisterbankprovidesthepersistentstorageof thegeneralpurposeregistersR1..6

andtheprogramcounterPC/ R7. Theprogramcounterincrementeralsolivesin the

registerbank. EachSTUMPinstructionmaywrite toatmostoneregisterandreadfrom

two others.For this reasontheregisterbankhasa singlewrite port andtwo readports

in order to allow an instructionto completewithin onecycle. During the execution

of an instructiona subsequentinstructionmay be fetchedfrom memoryby usingthe

dedicatedPCreadport (markedPCon thefigure)asanaddresssourcefor anexternal

memoryread.

IReg

TheI register, IReg,holdsthecurrentinstructionbeingexecuted.To beexact,thisis the

instructionfor whichanALU operationis in progressduringany particularcycle. Those

portionsof theIRegregister’sinstructionwhichneedtobecarriedovertotheresultwrite

backphaseof instructionexecutionarekeptin thecontrolunit.

SEMux

SEMuxis thesignextendingmultiplexer. Its taskis to multiplex betweenreadport1of

theregisterbankandtheimmediatefield from thecurrentinstructionheldin IReg. This

multiplexingrepresentsthechoicebetweenregisterandimmediateoperandsfor thetwo

generalinstructionformats. Thesignextendingnatureof themultiplexer is necessary

asthe5b immediatefield in register– immediateinstructionsis signed,themultiplexer

alsohandlestheintroductionof branchoffsets(whichare8bwideandsigned)for branch

instructions.Branchinstructionsmakeuseof theALU tocalculatethenew PCvalueby

addingthebranchoffsetto thecurrentPC.
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Shift

Theshifterin line with theALU allowsregister– registerinstructionsto incorporatean

optionaloneplaceshift or rotate.Theshifteroptionsare:No shift,oneplaceright shift,

oneplaceright rotate,oneplacerotateright throughcarry. Left shiftscanbeeffectedby

addinga registervalueto itself.

ALU

TheALU performsthegeneralarithmeticandlogicaloperationsspecifiedby thecurrent

instruction.Fourconditionbitsareproducedby theALU’ soperation.

CC

TheConditionCoderegister, CC, holdstheconditionbitsoutputby thepreviousALU

operationfor whichstorageof theconditionwasrequested(by settingtheLDCC flagin

theinstruction).

RReg

TheResultRegister,RReg,holdstheresultof thepreviousALU operationprior to result

write backto theregisterbank. Themainroleof thisregisterin STUMPis to (slightly)

speeduptheregisteroperandfetch– ALU operation– resultwritebackpathbysplitting

it over two cycles. Theregister’sotherrole is to highlight theproblemsof instruction

dependency handlingin apipelinedSTUMPimplementationwithoutregisterforwarding

(thisrolebeingpartof STUMP’sdutyasa teachingtool).

An asynchronousSTUMP hasa similar pipeline structurebut allows the designermore

freedomin thepositioningof storageelements.TheBalsaimplementationsof the register

bank,ALU andsign-extendmultiplexerunitswill bedescribedhere.

6.2.1. The register bank

TheSTUMPregisterbankcontainssix generalpurposeregistersandtheprogramcounter.

Its functionsareto allow readandwrite accessto all of theregistersandalsoto optionally

incrementtheprogramcounter. Thiscanbeperformedby theBalsadescription:

type Word is 16 signed bits
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type Register is 3 bits -- Register specifier

-- RegisterControl: control word for register bank
type RegisterControl is record

Read0 : Register;
Read1 : Register;
Write : Register;
DoRead0 : bit; -- if true then ReadPort0 <- R[Read0]
DoRead1 : bit; -- if true then ReadPort1 <- R[Read1]
DoWrite : bit; -- if true then WritePort -> R[Write]
DoIncPC : bit -- if true PC := PC + 1

end

procedure STUMP_RegisterBank (
input control : RegisterControl; -- Single word
input WritePort : Word; -- Register write &
output ReadPort0, ReadPort1 : Word -- read ports

) is local
variable R : array 1..7 of Word

begin
loop

select control then
local

shared DoRead0 is begin
if control.Read0 = 0
then ReadPort0 <- 0
else ReadPort0 <- R[control.Read0]
end

end

shared DoRead1 is begin
if control.Read1 = 0
then ReadPort1 <- 0
else ReadPort1 <- R[control.Read1]
end

end

shared DoWrite is begin
select WritePort then

if control.Write /= 0
then R[control.Write] := WritePort
end

end
end

begin
if control.DoRead0 then DoRead0() end ||
if control.DoRead1 then DoRead1() end ;
if control.DoIncPC then

R[7] := (R[7] + 1 as Word) end ;
if control.DoWrite then DoWrite() end

end
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end
end

end

Thisdescribesabehaviour whereasinglecontrolword is read,two conditionalregisterbank

readsareperformedfollowedbyaconditionalPCincrementfollowedbyaconditionalregister

write. Thesequencingof readsandwritesallowsusto combinetheseoperationsin thesame

‘cycle’ in thesamewayasthesynchronousimplementationdoes.ThePCincrementfunction

precedesa write operationto allow the IncPC field of control to bestrappedto a 1and

still performcorrectwrites to the registerbank’s R[7] (the PC,thesecommandsmustbe

sequencedto preventinterferencewhenwriting R[7] ).

Furtherpointsof notearetheuseof select to enclosethewhole read,write, PCupdate

actionwithin thecontrol communication.Oneside-effect of this is therequirementthat

theDoRead0, DoRead1 andDoWrite belocalto thatselect ’sbodycommandin order

to beableto readthecontrol word’sfields.

The WritePort port also makes use of select although for a different purpose.

Instructionswhich write their resultsto R0 in STUMP do so to discardthat result (asR0

permanentlyreadsthevalue0), a communicationon WritePort muststill take placefor

this discardingactionto take placeandso the easiestway to accomplishthis is to enclose

the condition for the register write within a select guardcommunication.The check

for a 0 index into theregisterbankis now enclosedin theWritePort readandsoa value

will bereadfrom thatport andeitherdiscarded(wherethecontrol.Write /= 0 test

fails) or written into the register bank (with the assignmentR[control.Write] :=

WritePort ).

Thecomplexity addedby thespecialtreatmentof R0 breakstheorthogonalityof thearray

readandassignmentcommands.Thiscanberemediedby theinclusionof arrayconstruction

expressionsin a futureversionof Balsa(this is partof theauthor’scurrentwork), theshared

proceduresDoRead0, DoRead1 andDoWrite thenbecome:

shared DoRead0 is begin
-- Build an array including the constant 0
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ReadPort0 <- {0, R[1..7]}[control.Read0]
end

shared DoRead1 is begin
ReadPort1 <- {0, R[1..7]}[control.Read1]

end

shared DoWrite is begin
WritePort -> {_, R[1..7]}[control.Write]

end

The ‘_’ in the array constructionfor DoWrite would be a specialsymbol for a ‘null’

write terminator(in implementation,a ContinuePushcomponent).The inclusionof array

constructionwill save the inclusionof Casecomponentsfor eachof the conditionsin the

sharedproceduresandalsoallow WritePort to beimplementedusinganactive,pull port.

6.2.2. The ALU

The ALU hasboth the simplesthandshake behaviour and the most complicatedinternal

functionof theunitsof STUMP. Thestructureof theALU is:

-- ALU control word
type ALUControl is record

Operation : InstructionType;
WriteCC : bit; -- Output a CC value
UpdateCC : bit -- Update internal CC

end

-- CC register bits
type CCType is record

C, V, Z, N : bit
end

procedure STUMP_ALU(input control : ALUControl;
input SrcA, SrcB : Word; -- Arguments
output Result : Word;
output CC : CCType -- Result and flags

) is local
variable result : Word
variable cc : CCType

begin
loop

select control, SrcA, SrcB then
-- Perform ALU op into result and cc
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Result <- result ||
if control.WriteCC then CC <- cc end

end
end

end

Thelocal variableresult is usedto simplify manipulationsof theALU resultrequiredto

generatetheflags. Thiscouldbereplacedbyanumberof outputchannelcommunicationson

Result . TheCCregisterislocaltotheALU in thisexample(asthisisaneasierarrangement),

theshiftermustreceiveitscarryinputdirectlyfrom thecontrolunit whichisconnectedto the

CCportof theALU.

TheALU canperformfour basicoperations:

Addition Usedfor ADD andADC instructionsaswell asbranchtarget address

calculationsandLD / STsource/ targetaddresscalculation.A 16badder

with acarryinputwill performthisoperation.

Subtraction Usedfor SUBandSBCinstructions,thesameadderasis usedfor add

operationsmaybeusedwith theadditionof arankof invertsontheright

handinputs.

AND and OR Thelogical operationmustbecarriedout with separatehardwarefrom

thearithmeticoperations.

Usinginternalchannelsto communicatewecandescribethesefour operationsso:

-- Adder types
type Adder_1_16 is record

f0 : bit; f1 : 16 signed bits end
type Adder_1_16_1 is record

f0 : bit; f1 : 16 signed bits; f2 : bit end
type Adder_16_1 is record

f0 : 16 signed bits; f1 : bit end
…
-- Retype result variable
variable result : Adder_16_1
variable tempV : bit -- Temporary overflow
variable tempC : bit -- Temporary carry
…
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case control.Operation of
AND then result := {(SrcA and SrcB as Word), 0}

|| tempV := 0
also OR then result := {(SrcA or SrcB as Word), 0}

|| tempV := 0
else -- ADD..SBC,LD/ST,B

local
channel AddArgs : Adder_1_16

begin
case control.Operation of

ADC then AddArgs <- {cc.C, SrcB}
also SUB then AddArgs <- {1, not SrcB}
also SBC then AddArgs <- {not cc.C, not SrcB}
else AddArgs <- {0, SrcB}
end

||
select AddArgs then

result := (((Adder_1_16{AddArgs.f0, SrcA}
as 17 bits) +
(AddArgs as 17 bits) as array 0..17 of bit)
[1..17] as Adder_16_1) ;

tempV := -- Omitted (complicated)
end

end
end ; -- Now set the flags
if control.UpdateCC then cc := {0, 0, 0, 0} end ;
-- Write result
Result <- result.f0

The four separateAddArgs communicationsand the inversion of SrcB for the two

subtractionoperationscanbe combinedin post-optimisation.Notice that the structureof

case commandscanbe rearrangedto producedifferentvariable,sequencingandinternal

channelcombinations.It is possiblethat a differentorganisationis fasterthanthat given,

rearrangingthedescriptionmanuallyto find thatcombinationis thebasisof thetransparent

compilation,describe– simulate– refinedevelopmentloop.

Noticethatit is necessaryto usea fair numberof typesin thiscomplicatedbit manipulating

operation.Thecreationof a carry in to a simple16badderby the inclusionof a th17 least

significantbit shouldbereducedin gatelevel optimisationfrom a singlebit adderwith both

inputsconnectedtogetherto acarryin connectionto thenext adderin theadditionchain.

Theflagscannotbesetfrom the result register(with theexceptionof theoverflow flag

whichcanbederivedfrom theadderinputsandresult). Theflagupdateis omittedhereasit

Chapter 6. The example designs, the SSEM and STUMP 131



6.2. A simple 16b RISC, STUMP

isparticularlycomplex. Thedescriptivestyleof Balsaisnotwell suitedtobuildingunitssuch

astheALU wheretherequiredcompositionof gatesisknownbut thedescriptionishampered

by thedifficultiesof describingthiswith handshakecomponents.

6.2.3. The sign extending multiple xer – SEMux

Thesignextendingmultiplexer is oneof thesimplestunitsof thisdesign.A choicebetween

registerbankandinstructionregistervalueismadeby aselect command.Theinstruction

register’svaluemust,therefore,bepushedinto theSEMux. Thiscanbeachievedby making

theIReg livein thecontrolblockasaBalsavariable,awrite of thisvalueto theSEMuxinput

port canbe madewhereeithera branchor a register– immediateinstructionis executed.

The leastsignificanteight bits of the instructionalongwith a singlebit tag informing the

multiplexer whetherthis is a 5 or 8 bit immediateis alsosupplied. The Balsadescription

wouldbe:

-- Instruction immediate field type
type ImmediateField is 5 signed bits

-- Immediate control word
type ImmediateControl is record

Imm : 8 signed bits;
BranchNImm : bit -- 0: 5b immediate, 1: 8b offset

end

procedure STUMP_SEMux(input Imm : ImmediateControl;
input Reg : Word;
output Out : Word

) is begin
loop

select Imm then
if Imm.BranchNImm then Out <- (Imm.Imm as Word)
else Out <- (((Imm.Imm as array 0..7 of bit)[0..4]

as ImmediateField) as Word)
end

also Reg then
Out <- Reg

end
end

end
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This is anexcellentexampleof theuseof typecastingto achieve signextension.Consider

thecaseof the5bimmediatefield wheretheImm.Imm 8bfield issliceddown into the5least

significantbits beforebeingcasttwice,first into a 5b signednumerictypeandagain into a

full signedword. A castfrom asignednumerictypeto another(wider)signednumerictype

hastheeffectof signextendingthatnarrowervalueinto thewidth of thewider, target,type.

Thisisalsoin many waysarathercontrivedexampleasthesamebehaviourcouldbeachieved

by drawing the registerbank readvaluethroughthe control block andmakinga decision

abouttheinputsto theALU there.Thiswouldrequireagreaterdegreeof controlsequencing

for thoseinstructionswith register– registeroperands(with the SEMux the register read

valueon readport 1 would flow straightthroughto the ALU without interactionwith the

controlblock).

6.3. Chapter summar y

Exampledesignsof two microprocessorswith differingdesignstyleshave beengiven. The

SSEMdescriptionhasbeencompiledinto Breeze,transformedinto a structuralhandshake

componentmodel in LARD by the script breeze2lardand simulatedunder the LARD

environment. This is ascloseto a proof of principleascanbeprovidedat thecurrenttime.

Thecompletionof thesynthesisrouteinto gatelevel VLSI usingbreeze2gatesis currently

work in progress.

Thechoiceof two microprocessorsastestdesignsis deliberate.Philipshave until recently

only demonstratedthe applicability of Tangramto ASIC applications,most notably the

implementationof error correcting decodingunits for CD and DCC applications. In

implementingamicroprocessorit is theintentionof theauthorto exploretheapplicabilityof

thehandshakecircuitapproachtothedesignof programmablecontrollers.Handshakecircuits

arecurrentlyaimedat thedesignof low power, low to mediumspeedcircuits. It maybethe

casethatsmallcustommicrocontrollersarea possibleapplicationareaof interest.Tangram

hasrecentlybeenusedto implementa self-timedversionof the Intel 8051microcontroller

[19]. This designhasa very simplecontroldriven sequentialnaturesimilar to that usedin

theSSEMdescriptioncoveredin thischapter. TheSSEMalsodemonstratesthedescription
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of an accumulatorbasedmicroprocessor. A descriptionof a specialisedprocessorsuch

asa programmableDSPwould have a similar sequential,accumulatorbasednature. The

STUMPdescriptiondemonstratessimpleusesfor theenclosinginput selectionmechanism

in structural,datadrivendesigns.
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Chapter 7. Conc lusions and Fur ther
Work

7.1. This thesis

Fourmajortopicsbeendiscussedin thisthesis:

• Thedescriptionof theBalsalanguageandits additionsto Tangram.

• The implementationof tools to compile Balsa to handshake componentsusing an

extendedTangramcompilationfunction.

• The implementationof new handshake componentsintroducedby the extensionsof

Tangramandby themodificationof thetargethandshakecomponentset.

• Thedemonstrationof afirst-cutsimulationmodelgenerationtool,breeze2lard.

7.1.1. The Balsa langua ge

As a designdescriptionlanguage,Balsahasthe majority of the featuresof Tangramwith

the additionof the parameterisation,separatecompilationandinput selectionmechanisms

describedin §3.

Theadditionsmadeby Balsato Tangramservetwo mainpurposes:

7.1.1.1. ‘Normalising’ Tangram

Tangramshouldbe mademore similar to other HDLs to increaseits acceptabilityto the

currentusersof thoseHDLs. Balsa hasa more conventional type systemfor an HDL.

Emphasisisplacedontherepresentationof bitsof informationratherthanrangesof integers.

Numerictypescannotbedescribedwhichdonot includeall of the n2 possiblevaluesof their

n bit realisations.Arraysandrecordsaredefinedby a sequenceof bits makingup a word.

Extractionfromarraysandrecordsissimplybitfieldextractionfromthatword. Typecastingis
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thezero-paddingor truncationof thatword. Nostructuraltypecastingoperatorexistsin Balsa

(cf. structuralcast andbitwisefit castsof Tangram);theresponsibilityfor structuraltype

manipulationlieswith thedesigner. Otherrelevantfeaturesarethesugary(somewhatVHDL

like)syntaxof Balsaandtheinclusionof facilitiesto allow separatecompilation. Separate

compilationallowsthedesignerto reusepartsof old designsin new projects.In practicethis

allowsthedesignerto not only reuseBalsasourcebut alsoto makeuseof hand-designedor

optimisedunitsin new designs.Thedescriptionof portstructuresof foreigncomponentsused

in Balsadescriptionsseemsto bethemostusefulapplicationof thisfeature.

7.1.1.2. Adding to the expressiveness of Tangram

Tangramis basedon the CSP notion of atomic communication. Without considering

signalling protocols of hardware handshake implementationsthe designercan reason

about the communicationbehaviour of a circuit modelling communicationas single

point synchronisations.The useof activation channelcommunicationsto encloseactions

in the definitionsof handshake componentsand handshake circuits relieson a model of

communicationwhichincludesenclosurebetweentwoevents.Enclosurecanbemodelledin

hardwareby theexchangeof eventson a pair of handshakesignalswith theenclosedaction

performedbetweenthesetwoevents.Thedatavalid phaseof many signallingprotocolsused

in bundleddataimplementationscanbemadeto partiallyor fully enclosetheperiodof the

handshakein whichthebehaviour associatedwith anenclosureoccurs.Theextensionof the

conceptof enclosureto the sourcedescriptionlanguagewill therebyallow the designerto

exploit thestabilityof communicateddataandthecontrolsimplificationof communication

enclosedbehaviours.

In short,allowing theenclosingselect in Balsaallowsthedesignerto describeprocedures

with enclosingandunbufferedbehaviourswhich arenot possiblein Tangram.This in part

makesupfor thelackof datadrivencontrolin Tangrambut doestendto leadto descriptions

which are more structural in nature than the designermight have intendedas explicit

communicationsandchannelstendto replacetheimplicit channelsof aTangramexpression.

An enclosingselect commanddoesalsomake theimplementationof theTangram/ CSP

sequenced(guardcommunication; guardedcommand)selectionschememoredifficult. The

examplegivenin §3.2.2.4showsa two wayTangramlike selectionbuilt usinganenclosing
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selectionand with explicit sequencing.The descriptionof the gate level optimisations

possiblefor thiscircuit givenin thatsectionyieldsacircuit which is only slightly largerthan

theimplementationof thesimilardescriptionin Tangram.Theincreasedexpressivenessthat

enclosureallows and its ability to describethe Tangramselectionmechanismmake it the

mechanismof choiceof Balsa.

Othernotablefeaturesaddedto Tangramby Balsaare:

Arrayedchannels(§3.1.5.2)

Theability todescribeaportstructurewhichconsistsof severalseparateportsindexable

in thesamewayasanarray.

Separatecompilation(§3.1.5.1)

A simplefile-basedmodulesystemallowing separatecompilationof separatepartsof a

design.Closerintegrationwith aCAD systemmayalsobeachievedby linking theBalsa

codeorganisationwith thatof theCAD system’sdatabase.

Structuraliterationcommands(§3.1.5.4)

Thefor || andfor ; commandsallow theuserto describetherepeatedplacement

of hardware in a similar way to the for … generate …commandavailable in

VHDL. Futureadditionsto Balsamayaddparametersto Balsaproceduresandmake

this structural iteration facility available to if … else structuresand select

commands.

7.1.2. Compiling Balsa

BalsasharesthesamecorecompilationmechanismasTangram.Theuseof handshakecircuits

asanintermediateform allowstheseparationof thecompilationprocessinto two stages:
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Frontend– Uservisible languageto HCs

The sourcelanguage(Tangramor Balsa) is translatedinto a network of channel

communicatinghandshake components.This compilationphaseis, for the mostpart,

independentof thedetailsof thefinal implementationtechnologysuchasthesignalling

mechanismanddataencodingusedtorealisechannels.Optimisationsmaybeconsidered

at both the languagelevel (suchasconstantfolding or deadcoderemoval) andat the

handshakecomponentlevel (typicallypeepholeoptimisationof controlstructures).The

balsa-ccompileris anexampleof a front endHC compiler.

Backend– HCsto targettechnology

A VLSI implementationof a handshake circuit is produced.Specificdetailsof the

implementationtechnologyare consideredand optimisationcan be carried out in

the light of thesedetails. A simplebackendmay treatgatelevel descriptionsof the

handshake componentsmaybetreatedasmacrosfor thecreationof wholehandshake

circuits. A more complicatedtool may attemptto re-synthesisepartsof the design

(typicallythecontrolpath)for betterarea,speedorpowerperformance.Suchabackend

compileris plannedaspartof thefinal Balsasystem.

TheprimarydifferencebetweenthesyntaxdirectedapproachthatBalsashareswith Tangram

and that of more conventional, state-spaceexploration (and particularly synchronous)

synthesistechniquesis the ‘connectedness’the designerfeelswith the designrefinement

process.Explicit userinterventionin arapiddesign–compile–simulation–re-engineercycle

allowstheusertomaketheirowntradeoff decisions.Lessdirectmethodsandin particularthe

dominantVHDL / Verilog functionalsynchronoussynthesisrouteemphasisetheautomated

natureof synthesisandtheproductionof anumberof implementationsatanumberof points

in thespeed/ areatradeoff solutionspace.In anidealworld, suchtoolswould respectthe

designer’s descriptive style andproducea selectionof well optimiseddesignsin a timely

manner. The reality is of slow toolsproducinggoodimplementationsfor designsmadein

theirfavoureddescriptivestyle. Designtherebybecomesadesign– synthesise– simulate(or

assesstheperformanceof thedesignin someothermanner)– re-engineerdesigntofit in with

thesynthesiser’spreferredstylecycle.

Syntax directed compilation may at first seem like an abandonmentof automation,
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an admissionof defeat. It shouldbe seenthat this is not so and that a direct approach

simply emphasisesthe role of the designerin the transformationof a descriptioninto an

implementation.In learningthe‘tricks’ of a non-directsynthesiserthedesigneris asmuch

seeingadirectmechanismasif asyntaxdirectedmethodwasusedall along.

7.1.3. The Balsa handshake component set

A numberof additionsaremadeto thecomponentsetusedby Tangram.TheDecisionWait

and FalseVariable components(whose uses are detailed in §3.2.3 and gate level

implementationaregivenin §5.1.1.3) areintroducedto allow theuserto describeunbuffered

inputselection.Thepowerof theCasecomponentisgreatlyincreasedanditsimplementation

(detailedin §5.1.1.4) is generalisedto reducetheneedto re-synthesiseCASEtreestructures

duringthebackendphaseof compilation.

7.1.4. Simulating Balsa with LARD

Simulationof Balsadesignsis by translationof intermediatehandshake circuits into the

modelling languageLARD. The tool breeze2lardwas describedin §6 as a meansfor

producingvalid LARD from Breezenetlistsandthesimulationof compiledBalsadesigns

using a library of parameterisablehandshake componentdescriptionswritten in LARD.

LARD isthesimulationengineof choicedueto itswiderusewithin theAMULET3 projectas

a high level modellingandvalidationlanguage.For futureprojectsa versionof breeze2lard

is in developmentwhich will translatea handshake circuit netlist from Breezeinto a less

structuralLARD description.This will beachievedby traversingtheactivation treeof the

given handshake circuit andplacingnative LARD commandsandcontrol compositionsin

placeof handshakecomponentinstances.

The lack of a gate level targeting back end for Balsa limits the ability to make direct

comparisonbetweenTangramand Balsa. The useof the Tangramcompilationfunction

shouldresultin verysimilarhandshakecircuitdescriptionsfromthetwotools. Theuseof the

enclosingselect in Balsadescriptionswill hopefullyyield smaller(dueto theremoval of

latches)andfaster(asenclosurereducestheneedto sequencecommunicationswith actions

andalsoremovesthepassivationrequiredwhenconnectingactive ports)circuitsthanthose
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describedin theTangramstyle.

It is hopedthat this lack of concreteresultswill be rectified in due course. Two major

designexercisesareplannedwith which to compareBalsawith otherapproaches.These

designsare:

A 16bDigital SignalProcessor– stDSP

The stDSPis a self-timedDSPcoredesignedby Cogency TechnologyLtd. [34]. The

architectureof stDSP is almost identical to that of an existing synchronousDSP

core (for which stDSPis a drop-in replacement)designedfor low-power and high

electro-magneticcompatibilityapplications.A Balsasynthesisedversionof this core

could, therefore,be directly comparedwith both hand-designedasynchronousand

synchronousimplementations.

A DirectMemoryAccesscontrollerfor theAMULET3

TheAMULET3 isthethirdasynchronousimplementationof theARM architecturetobe

undertakenby theAMULET groupof TheUniversityof Manchester. AMULET3 will

take theform of a macrocellto be includedin a single-chipsolutionby a commercial

partner. This chip will includea numberof synchronousperipherals,the AMULET3

macrocelland a DMA controller. The DMA controller will handlethe majority of

transactionsmadebetweenthesynchronousperipheralandtheasynchronousmacrocell

(communicatingacrossanasynchronouson-chipbus:MARBLE [41]). In ordertoreduce

designtime andincreaseflexibility (to accommodatean evolving specification)it has

beendecidedto undertakethisdesignusingBalsa.

It is hopedthattheimplementationof thesedesignswill yield convincingquantitative(in the

caseof theDSP,speed/ area/ powercomparisons)andqualitative(easeof use/ suitabilityof

thedescriptivestyleto practicaldesigns)measuresof thesuccessof BalsaasanHDL.

7.2. Related Work at Manchester

Balsa is a synthesisorientatedlanguage,the key tools under considerationbeing those

requiredto realisea standardcell implementationof Balsa designs(specificallybalsa-c

and breeze2gates). This work shouldbe contrastedwith two other asynchronouscircuit
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description/ modellingprojectsbeingcarriedoutwithin theDepartmentof ComputerScience

atTheUniversityof Manchester. TheseareLARD [35] andRainbow [16][18][3].

7.2.1. LARD

LARD wasdescribedin §5.5asa simulationenvironmentfor handshake circuits. LARD’s

original purposeremainsthehigh level modellingof asynchronousdesigns,specificallythe

architectureof AMULET3 [11][12]. High level hererefersto modelsin which theindividual

inter-modulecommunicationsare revealedbut internal function (along with sequencing)

is modelledin a ‘programminglanguage’style. Programminglanguagefeaturessuchas

compositetyping,typepolymorphismanduserdefinedoperatorsareall available.

LARD allowsdescriptionsof circuitsin whichMicropipeline-likecommunicationsareused

(pushonly communicationswith thepossibilityof enclosureof a behaviour within aninput

communication).The communicationoperatorspresentin LARD arenot primitive to the

languageandare,in fact,built ontheuseof shareddatabetweenthreadsbeingscheduledbya

time-sharingvirtualmachine.Thepull handshakebehaviourrequiredof thehandshakecircuit

simulationsdescribedin §5.5wereimplementedusingan add-onchannelcommunication

library built on thesameprinciples.Thisflexibility allowstherapiddevelopmentof designs

by refinementfrom high level model(which is unsynthesisable)to final design(which may

closelyresemblethe final implementation)without changinglanguageor tools. A further

benefitof this flexibility is the ability to write high level testharnessesfor LARD models

in LARD.

CompiledLARD is representedby abytecodeintermediateform beingexecutedby avirtual

machineimplementedin software(in muchthesamewayasthelanguagesSmalltalkandJava

arebytecodeinterpreted).Emphasisisplacedonthespeedof simulationof designsinvolving

smallnumbersof significantcommunications(astherelianceonpollingof shareddatamakes

thefine-grainuseof channelsinefficient).

It is unlikely thatasynthesiserfor LARD will bewritten. Definingasmallenoughsubsetof

thelanguagefor whichcorrectsynthesiscanbeensuredwouldbeanot insignificanttask.
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7.2.2. Rainbo w

The Rainbow project is an attempt to createan inter-working set of languagesfor the

descriptionandreasoningaboutMicropipelinedasynchronousdesigns.This work is being

carriedout by theAsynchronousHardwareVerificationGroupat Manchester. Theprincipal

languagescurrentlyin developmentareGreenandYellow.

Green[14] is a dataflow-style,pipelineconstructionlanguageandassuchhasboth visual

andtextual forms. Greenis typically usedto describethatpartof designwhich is simplythe

compositionof pushpipelineelementsandpipelinebufferingstages.Thestorageof persistent

stateandthecontrolsequencingof activitiesisdifficult in Greenwhichconcernsitself mostly

with themanipulationanddirectionof data.

Yellow ontheotherhandisaCSP-likelanguagedescribingcontrolflow in anexplicit manner

with communicationprimitivesbeing important for synchronisationand datamovement.

As with Green,only pushbehaviour is consideredwithin Yellow (althoughthe push/ pull

natureof channelsandthesignallinganddatavalidity protocolsoperatingon thosechannels

remainhiddento theuseraswith Balsa)althoughYellow is capableof describingsequenced

behaviour.

Yellow is in many waysvery similar to Balsawith Greenactingasa convenientform for

representingdatadrivenpipelinebehaviours. Althoughnocompilationmechanismcurrently

existsfor Yellow (compilationof Greenbeingstraightforward)thelanguagemaylenditself

to ahandshakecircuit implementation.

Rainbow’s mandatehasbeenand remainsthe formal reasoningabout the propertiesof

asynchronousdigitalcircuits. TheRainbow languagesareameanstothisendandassucheach

languagehascarefullydefinedsemantics.Any descriptionin any of theRainbow languages

(GreenandYellow aswell astheyet-to-appearlanguagesRedandBlue)canbereducedto a

processalgebradescriptionfrom whichreasoningaboutthepropertiesof thatdescriptioncan

beattempted.
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7.2.3. Justifying three projects

Theconcurrentdevelopmentof Balsa,Rainbow andLARD shouldnot beconsideredto be

poor organisationon the partsof the researchgroupsinvolved. Eachproject representsa

differentapproachto theproblemof constructingasynchronoussystemsandalthougheach

projectincludesa meansfor capturinga description(its language(s))thegoalsof the three

projectsaresufficientlydifferentto makeeachaviableproposition.

Theemphasisof futurework on thedevelopmentof Balsawill remainwith synthesis.

7.3. Other appr oaches to CSP synthesis

A number of other approacheshave beendocumentedfor the automatedsynthesisof

asynchronoussystemsfrom CSPlikedescriptions,notablythoseof Burns[36] andBrunvand

[15]. The main differencesbetweentheseapproachesand that of Tangramand Balsaare

relatedto:

• Targettechnologies– gatelevel vs.modular.

• Preferredport sensesfor eachof input, output and sync ports and the meansfor

composingport connectedgroupsof modules.

• Treatmentsof inputselectionandarbitration.

• Choicesof andabstractionawayfrom signallingprotocols/ dataencodingschemes.

• Whereoptimisationor refinementof thedescriptionis performed– manipulationof the

descriptionvs.gate/ modulelevel optimisation.

7.3.1. Burns: Automated Compilation of Concurrent Programs
into Self-timed Circuits

Burns describesan automatedmethod for compiling descriptionsin a form similar to

Martin’s CHPto gatelevel circuit descriptions.A numberof predefinedmodulesareused

to simplify the target descriptions.Theseinclude the Q-elementwhich is similar to the
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S-elementdescribedby van Berkel, the ‘S’ componentwhich is a one-hotdataencoded

versionof themicropipelineselectelementandthe‘me’ componentwhichisalevelsensitive

mutualexclusionelement.Eachof thesemodules(with thepossibleexceptionof themutual

exclusionelement)canbeimplementedwith just theconventionalcombinationallogicgates,

theC-elementandtheuseof isochronicforks.

7.3.1.1. Channel primitives: Bidirection channels and the Probe

Thesignallingmechanismusedis4phaseandinvolvestheuseof one-hotencodeddatagiving

riseto n2 + 1 wiresfor eachn bit wideunidirectionalchannel.Thecommunicationnotation

usedallows for bidirectionalcommunicationsby the inclusionof multiple ‘acknowledge’

wires. Thecommonrequest/ acknowledgeterminologyis not used,a bidirectionalchannel

is simplya n2 + m2 wire channelwith n bitsflowing in onedirectionandm bitsflowing the

oppositedirection. A 4 bit passive inputportmayberepresented:

passivechannelName(16, 1)

Thisdenotesapassiveportwith 16inputsignalsand1outputsignal(theacknowledgement).

The distinction betweenactive and passive ports is madeat the languagelevel allowing

theflexibility to choosebetweenpushandpull directeddesignstyles. TangramandBalsa

descriptionsdo not allow suchdistinctionsastheTangramcompilationmechanismfavours

an ‘all active’ approachto the implementationof normal(non selecting)communications.

Thedistinctionis madein thehandshakecomponents.Handshakecomponentpushandpull

unidirectionalchannelscanbe explicitly describedby pairsof active andpassive portsof

degrees(n,1) and(1,n) for outputandinputportsrespectively.

Within the body of a process,bidirectionalcommunicationoperationsare consideredto

be atomic,with the exchangeof data (or data for acknowledgement)occurringwithout

the provision for the inclusionof an enclosedcommand.This fits in well with the atomic

communicationsemanticsof CSPbut doesnot allow thedescriptionof handshakeenclosed

behaviourswithout the additionof a notablefeatureof both Burns’notationandMartin’s

CHP:theprobe.Theprobeallowsthedescriptionof enclosingandcommunicationselecting

behaviours by allowing the readinessof a channelto performa communicationto be the

subjectof a guardexpression.Take theexamplefrom Burnswhich usesa similar notation
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to that of the handshake processcalculusdescribedin §2 except that
−
D signifiesa probe

on channelD, D alonesignifiesa communicationon D and*[ ] is theunboundedrepetition

operator:

∗ [ [−D → S0′; S1′; …; Sn−1′; D] ]

Herea probeon channelD formsa guardexpressionfor theactionS0′; S1′; …; Sn−1′; D. A

probeexpressionis not a predicatein theusualsenseastheprobe’s functionis to delaythe

satisfactionof theguarduntil thechannelD isreadytocommunicate.In thisexampletheprobe

onD guardsthesequencedexecutionof S0′ toSn−1′ followedby acommunicationonchannel

D. If D isconnectedtoapassivesyncport in thisprocess(of theform passiveD(1,1)) thenthis

expressioncanbeseento beequivalentto thisexpressionin thehandshakeprocesscalculus:

#[ D : (S0′; S1′; …; Sn−1′) ]

Thisisof coursethebehaviourof theSequencecomponentin theBalsahandshakecomponent

set.

By theuseof theguardwecanexpresscommunicationselectionby allowing morethanone

guardin aguardedchoiceexpressionto includeachannelprobee.g:

∗ [ [−A → C; A |
−
B → C; B] ]

This describesa Call componentenclosinga communicationon C by either an initiating

communicationon A or B. Again the useof the probein a guardexpressionchangesthe

meaningof thewholeguardedexpression.If A becomesreadytocommunicatesoleadingto

thesatisfactionof theguard
−
A andtheexecutionof theexpressionC; A theguardexpression

−
B effectivelybecomesfalse.Thechangeof semanticswhichresultsin theuseof theprobein

guardexpressionsprovidesagoodenoughreasontodisallow itsuseelsewhere(i.e.in general

booleanexpressions).In conjunctionwith normalpredicates,guardexpressionsinvolving

probescanbea powerful meansof expressinginput selectionbehaviour in a mannersimilar

to thepredicateguardedcommunicationguardsof CSPbut whilst allowing thedescription

of enclosingbehaviours. Although a more powerful constructthan enclosure,the probe

canbe usedto expressbehaviourswherethe nestingof an expressionwithin an enclosing
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communicationis notpossible,for example:

∗ [ A; [−A → expr1]; expr2 ]

describestheenclosureof expr1; expr2 within a communicationonA wheretheinitial action

of thecircuit is to performa communicationon A. In thehandshake processcalculusthis

couldbeexpressed:

#[ A; A : (expr1; expr2) ]

In thisform theenclosureof thesequenceexpr1; expr2 is madeexplicit andis notallowedto

straddletheendof aniterationof theenclosingunboundedrepetition.Theprobeexpression

couldequallybeexpressedas:

∗ [ A; [ −
A → skip]; expr1; expr2 ]

or A; ∗ [ [ −
A → skip]; expr1; expr2; A ]

This givesusseveralwaysto expressthis simpleenclosure,two of which arenot obvious

onfirst parsing.Restrictingtheuseof theprobe,or therequirementfor acompilerto handle

all its possibleuses,maycontributeto thecomplexity of sucha compilationscheme.Burns

considersprobeto be essentialto the compilationmechanismwhich includeshandshake

expansionandhandshakere-shufflingascompilationphasesexpressingtheactof waitingon

aninputsignalusingaprobe.In theuseof handshakecomponentsasatargettechnologythe

choiceof signallingprotocolsanddataencodingisdeferreduntil thefinalstageof compilation

(mappinginto logic gates)making the signal level manipulationof circuit behaviour by

theinput descriptiondifficult if not impossible.Enclosurecanbeseenin this way to bean

extensionof the propertiesof the channelcommunicationratherthanan extensionof the

signallevel descriptive abilitiesof the target technologyinto the input descriptionaswith

theprobe.

7.3.1.2. Input selection

The useof unaryencodeddataandthe ability to predicateguardexpressionson the value

of incomingchannelcommunicationsleadsto animplementationof ‘channelvalueguards’
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which is identicalto thatof selectionof anumberof incomingsynccommunications.Burns

givesan implementationof sucha passive input structureusingn C-elements,an n way

isochronicfork andann inputORgatewhichisalmostidenticaltotheDecisionWaitdescribed

in §5.1.1.3asan addition to Tangrammadeby Balsa. The Balsaimplementationdiffers

however in its timing of theacknowledgementmadeto theinitiating channel(theactivation)

andexploits the enclosureof the guardedcommandin the guardcommunicationto allow

thefreereadingof thevalueof theincomingchannelcommunication(usinga FalseVariable

component)without incurringadditionalsynchronisation,the costof placinga Variableto

receivetheincomingchannel’svalueor thecostof accountingfor apossiblyvariablenumber

of referencesmadeto the channel’s valueduring the executionof the guardedcommand.

This ‘low costread’propertyis not possibleusingtheprobeprimitivewithout theinclusion

of anexplicit variableevenwhereenclosureof theguardedcommandin thecommunication

is possible.

7.3.1.3. Arbitration

CHP allows the designerto explicitly distinguishbetweeninstancesof communication

selectionwhich involve arbitrationandthosein which theenvironmentensuresthemutual

exclusion of competingcommunications.This is a useful featurein a directly compiled

languageandso is carriedover into Balsain the form of the select andarbitrate

flavoursof inputselection.

7.3.1.4. The Compilation Appr oach

ThecompilationmechanismimplementedbyBurnsdiffersfrom theTangramapproachby its

emphasisonafixedtargetsignallingprotocol/ dataencodingandon its useof manipulation

of termsin the input notationto refinetowardsan implementation.Thedirectcompilation

method used by Tangram definessimple mappingsfrom input expressionsto output

handshake circuits and favoursthe useof handshake circuit level optimisations(typically

peepholeoptimisation)to improvethequalityof thegeneratedcircuit. In choosingtoperform

handshake expansionand handshake re-shufflingalong with the generalprobeprimitive

Burns imposesa greatresponsibilityon the compiler to perform correctmanipulationof

the input description. The considerablysimpler Tangramcompiler may be more easily
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validatedasthetransformationfrom Tangramto handshakecomponentsis moretransparent

andreliesheavily on thechannelbearingnatureof thehandshakecircuit descriptiveform to

preservethenotionof theabstractcommunicationprimitivesof thesourcelanguageinto the

targetrepresentation.

7.3.2. Brun vand: Translating Concurrent Comm unicating
Programs into Async hronous Circuits

A lisp-like form of the concurrentprogramminglanguageOCCAM is the input language

of Brunvand’s compiler. OCCAM is for themostparta concretesyntaxform of CSPwith

practicaldatatyping andsupportfor thecompositionof processeswhich communicateby

channelconnectedports. Brunvandtargets2 phasebundled-dataimplementationsusinga

componentsetsimilar to that of the micropipelinedesignstyle. This includesthe 2 phase

micropipelineselect,thetransitionarbiter, thecall block,C-element,merge(XOR gate),the

toggle,the Q-select(a modifiedform a select),a registerelementandthe ‘enable’module

which allows thegatingof anincomingchannelontoa bus. Themodulesareimplemented

in standardcell logic gateswith thebundlingconstraintbeingmetby theuseof longcontrol

pathsandagooddoseof luck in thelayoutphase.

7.3.2.1. Channel primitives: Unidirectional channels

Theinputnotationdoesnotallow theexplicit designationof passiveandactiveports. In this

senseportdescriptionsresembleTangram.Synchronisingcommunicationportsareactivein

naturewith synchronisationbeingformedby theuseof a C-elementjoining requestsfrom

bothportsin acommunicationto theacknowledgementsof eachport. Thisis identicalto the

useof Synchcomponentstoconnectsyncchannelsin Balsa,althoughBalsachannelsmaybe

extendedtoconnectmorethantwoportsbytheplacementof amultipleinputSynccomponent.

OCCAM considersa data-bearingchannelto connecta singleoutputto a singleinput and

soBrunvandimplementsactive outputsandpassive inputs. Compositionof port connected

processescanbeachievedsimplyby connectingportpairstogether.

Theuseof passive input portsdoesnot imply thatsuchcircuitsaredata/ incomingrequest

driven. ThesynchronisingC-elementpresentin thesynccommunicationishiddenin theinput

Chapter 7. Conclusions and Further Work 148



7.3. Other approaches to CSP synthesis

portstructureof adatabearingchannel.In thiswaythesymmetryof thesynccommunication

is preservedandthestructureof connectionsof databearingchannelssimplified. Tangram

requiresanadditionalexternalcomponent(one,or a combinationof: SynchPush,SynchPull

andForkPush)to form this synchronisationasthe compositionof processesconnectedby

broadcastchannelsmayinvolvemorecomplicatedsynchronisationsthanarepossiblewith the

simplepassiveinputportapproach.Tocombinesequentialwritestoasinglechannel,Tangram

makesuseof theCallPushandCallPullcomponentstomultiplex dataontoacommonchannel

whilst steeringcontrolevents. Brunvandseparatesthismultiplexing into tristatebusdriving

Enablecomponentsin theoutputport structuresthemselves. Postcompilationoptimisation

is usedto removethesecomponentswherenomultiplexing is required.

7.3.2.2. Input selection

The semanticsof channelcommunicationguardedselectionis similar to CSP. The guard

communicationis sequencedwith thecommandit guards.Thestatement:

(Alt

((True(?chan1))

(body1))

((True(?chan2))

(body2)))

is the basic two input selection. Brunvand recognisesthe difficulty of implementing

selectionwherethe selectioncommandmustbe activatedaspart of a larger circuit. This

problemis solvedin Balsaby theuseof theDecisionWait component(which is alsosimilar

to Burns’unarydataencodedchoice)to introducean activation channelinto the pathsof

the guardchannels.Brunvandexploresseveral possiblesolutionsto this problemusinga

round-robinpolling ring to selectthefirst inputchannelto becomeavailable. Thisallowsthe

implementationof anAlt (selection)commandwhichchoosesfromtheinputchannelsin some

predefinedorder. A fair formof Alt isalsopresentedwhoseimplementationhasinternalstate

whichallowspreventionof thecasewhereoneguardchannelis servicedin preferenceto the

othersdueto its positionin thesourcedescription.
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Thedescriptionof enclosingbehavioursis not possiblein thisnotation.Theuseof repeated

synchronisationon a syncchannelis usedby Brunvandin examplesto give a similar effect.

No distinctionis madebetweenarbitratedandunarbitratedformsof Alt.

7.3.2.3. The Compilation Appr oach

Emphasisis placedontheuseof post-compilationoptimisationto improveuponagenerated

circuit. ThisisthesameapproachusedbyboththeTangramandBalsacompilers.Handshake

circuit netlistsdiffer in their useof channelsratherthansignalsto connectcomponents.A

handshake circuit optimisermust thereforebe careful to ensurethat no channelremains

unconnectedto a componentor anexternalport. Theuseof ContinueandHalt components

makesthis possible.The pre-optimisationcircuitsgeneratedby Brunvand’s compilermay

havedanglingsignalswhich imply theneedto prunecomponents.

7.4. Future work

Futuredirectionsfor work to completetheBalsasysteminclude:

• Completion of breeze2gates, production of standardcell (and possibly FPGA)

implementationsof Balsadesigns.

• Improvementof thesimulationenvironmenttoincreasespeedandallow for ‘sourcelevel

debugging’by taggingsimulationchannelnameswith codepositions.

• Work onthetimingaspectsof standardcellplace& route.Thetimingconstraintswithin

an asynchronouscircuit make it impossibleto trust the untimedlayout of gatesby a

conventionalsynchronousplace& routetool. Eithernew layouttoolswill beneededor

asystematicapproachto post-layouttiming verificationmustbedeveloped.

• Introduction of parameterisableBalsa proceduresin the samemannerthat Breeze

componentsmay be parameterised.Best use of the for commandand arrayed

channelscanbemadewhereproceduresareallowedto takeparametersandwherethose

procedurescanbewrittenin anunparameterisedform intoanoutputBreezefile for later

inclusionin otherBalsadesigns.
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• improvedarrayconstructionexpressionsandelementextractionsoperators.

• aBreeze-likesublanguagefor describinggatelevelstructuralcircuits.Thismaybeuseful

for hand-craftingdesignssuchasALUs togetaroundthelackof expressivenessin Balsa

expressionswithout resortingto theexcessiveuseof explicit localchannels.

• debugging commands:VHDL like assertionsand possiblyI/O operationswhich are

ignoredfor synthesisbut usefulin simulation.

• Creationof convincing example implementationsallowing automaticallygenerated

Balsadesignsto becomparedlike-for-like with handdesignedasynchronousdesigns.

Comparisonswith synchronousimplementationsof similardesignsmayalsobeuseful.

• Theformalspecificationof thesemanticsof Balsa. Thismayallow Balsadescriptions

to betransformedinto a form suitablefor ‘model checking’with developingRainbow

tools.
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Appendix A. SSEM example , Balsa
sour ce and Breeze
output

A.1. Balsa sour ce

-- SSEM model in Balsa
--
-- 1/12/97 Andrew Bardsley

public

type Word is 32 bits

-- SSEM function types
type SSEMFunc is enumeration

JMP, JRP, -- Abs. and rel. jumps
LDN, STO, -- Load negative and store
SUB, SUB_alt, -- Two encodings for subtract
TEST, STOP -- Skip and stop ;)

end

-- Complete instruction encoding
type SSEMInst is record

LineNo : 5 bits;
CRTNo : 8 bits;
Func : SSEMFunc

over Word

-- SSEM: Top level
procedure SSEM (output MemA: Word;

output MemRNW: bit;
input MemR: Word; output MemW: Word;
sync Halted) is

local
variable CI, ACC : Word
variable PI : Word
variable Stopped : bit
variable ACC_slave, CI_slave : Word
variable MDR: Word

-- Memory operations, shared procedures
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shared MemoryWrite is
begin

MemRNW<- 0 ||
MemA<- ((PI as SSEMInst).LineNo as Word) ||
MemW<- ACC_slave

end

shared MemoryRead is
begin

MemRNW<- 1 ||
MemA<- ((PI as SSEMInst).LineNo as Word) ||
MemR-> MDR

end

-- Local procedures
procedure IncrementCI is
begin CI_slave := (CI + 1 as Word) end

procedure InstructionFetch is
begin MemRNW<- 1 || MemA<- CI_slave || MemR-> PI end

procedure DecodeAndExecuteInstruction is
begin

case (PI as SSEMInst).Func of
JMP then MemoryRead(); CI_slave := MDR

also JRP then
MemoryRead(); CI_slave := (CI + MDR+ 1 as Word)

also LDN then
MemoryRead(); ACC_slave := ( - MDRas Word)

also STO then MemoryWrite()
also SUB .. SUB_alt then

MemoryRead(); ACC_slave := (ACC - MDRas Word)
also TEST then if (ACC as array 32 of bit)[31]

-- skip if ACC is negative
then CI_slave := (CI + 2 as Word) end

also STOP then Stopped := 1
end ;
ACC := ACC_slave || CI := CI_slave

end
begin

ACC := 0 || CI := 0 ||
Stopped := 0; -- reset initialisation
while not Stopped then

IncrementCI();
InstructionFetch();

DecodeAndExecuteInstruction()
end;
sync halted; halt -- STOP instruction effect

end
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A.2. Breeze output

-- Breeze intermediate file
-- Created: Tue Dec 2 01:45:50 1997
-- By: bardslea@Fascination (Linux)
-- With: balsa-c version 971201

-- Imports

-- Types
type Word is 32 bits
type SSEMFunc is enumeration JMP=0,JRP=1,LDN=2,STO=3,

SUB=4,SUB_alt=5,TEST=6,STOP=7 over 3 bits
type SSEMInst is record LineNo : 5 bits;CRTNo : 8 bits;

Func : SSEMFunc over 32 bits
-- Constants

-- Parts

part SSEM (
passive sync activate;
active output MemA: 32 bits;
active output MemRNW: 1 bits;
active input MemR: 32 bits;
active output MemW: 32 bits;
active sync halted ) is

attributes ( isProcedure,noOfChannels=119 )
local

sync #1
push channel #2 : 32 bits
push channel #3 : 1 bits
pull channel #4 : 32 bits
push channel #5 : 32 bits
sync #6,#7
pull channel #8 : 32 bits
push channel #9 : 32 bits
sync #10
pull channel #11 : 32 bits
push channel #12 : 32 bits
sync #13,#14
pull channel #15 : 1 bits
push channel #16 : 1 bits
sync #17
pull channel #18 : 2 bits
pull channel #19 : 32 bits
pull channel #20 : 33 bits
pull channel #21 : 32 bits
push channel #22 : 32 bits
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sync #23
pull channel #24 : 1 bits
sync #25
push channel #26 : 1 bits
pull channel #27,#28 : 32 bits
pull channel #29 : 33 bits
pull channel #30 : 32 bits
push channel #31 : 32 bits
sync #32,#33,#34
pull channel #35 : 32 bits
pull channel #36 : 33 bits
pull channel #37 : 32 bits
push channel #38 : 32 bits
sync #39,#40,#41
pull channel #42 : 1 bits
pull channel #43,#44 : 32 bits
pull channel #45 : 33 bits
pull channel #46 : 34 bits
pull channel #47 : 32 bits
push channel #48 : 32 bits
sync #49,#50,#51
pull channel #52 : 32 bits
push channel #53 : 32 bits
sync #54,#55,#56
pull channel #57 : 3 bits
sync #58
push channel #59 : 3 bits
sync #60
push channel #61 : 32 bits
pull channel #62 : 32 bits
sync #63
pull channel #64 : 32 bits
push channel #65 : 32 bits
sync #66
pull channel #67 : 1 bits
push channel #68 : 1 bits
sync #69,#70
pull channel #71 : 1 bits
pull channel #72 : 32 bits
pull channel #73 : 33 bits
pull channel #74 : 32 bits
push channel #75 : 32 bits
sync #76
pull channel #77,#78 : 1 bits
sync #79
pull channel #80 : 1 bits
push channel #81 : 1 bits
sync #82
pull channel #83 : 32 bits
push channel #84 : 32 bits
sync #85
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pull channel #86 : 32 bits
push channel #87 : 32 bits
sync #88,#89
push channel #90 : 32 bits
pull channel #91 : 32 bits
sync #92
pull channel #93 : 5 bits
pull channel #94 : 32 bits
push channel #95 : 32 bits
sync #96
pull channel #97 : 1 bits
push channel #98 : 1 bits
sync #99,#100
pull channel #101 : 32 bits
sync #102
pull channel #103 : 5 bits
pull channel #104 : 32 bits
push channel #105 : 32 bits
sync #106
pull channel #107 : 1 bits
push channel #108 : 1 bits
sync #109,#110
push channel #111,#112 : 32 bits
push channel #113 : 1 bits
pull channel #114,#115,#116 : 32 bits
push channel #117 : 32 bits
pull channel #118 : 32 bits
push channel #119 : 32 bits

begin
$BrzVariable ( 32,3,"CI" : #119,{#72,#44,#19} )
$BrzCallMux ( 32,2 : {#9,#84},#119 )
$BrzVariable ( 32,2,"ACC" : #117,{#28,#118} )
$BrzMask ( 1,32,2147483648 : #24,#118 )
$BrzCallMux ( 32,2 : {#12,#87},#117 )
$BrzVariable ( 32,3,"PI" : #61,{#114,#115,#116} )
$BrzMask ( 5,32,31 : #103,#116 )
$BrzMask ( 5,32,31 : #93,#115 )
$BrzMask ( 3,32,57344 : #57,#114 )
$BrzVariable ( 1,1,"Stopped" : #113,{#77} )
$BrzCallMux ( 1,2 : {#16,#81},#113 )
$BrzVariable ( 32,2,"ACC_slave" : #112,{#11,#101} )
$BrzCallMux ( 32,2 : {#31,#38},#112 )
$BrzVariable ( 32,2,"CI_slave" : #111,{#64,#8} )
$BrzCallMux ( 32,4 : {#22,#48,#53,#75},#111 )
$BrzVariable ( 32,4,"MDR" : #90,{#52,#43,#35,#27} )
$BrzConcur ( 3 : #110,{#109,#106,#102} )
$BrzFetch ( 1 : #109,#107,#108 )
$BrzConstant ( 1,0 : #107 )
$BrzFetch ( 32 : #106,#104,#105 )
$BrzAdapt ( 32,5,false,false : #104,#103 )
$BrzFetch ( 32 : #102,#101,#5 )
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$BrzCallMux ( 1,3 : {#68,#98,#108},#3 )
$BrzCallMux ( 32,3 : {#65,#95,#105},#2 )
$BrzConcur ( 3 : #100,{#99,#96,#92} )
$BrzFetch ( 1 : #99,#97,#98 )
$BrzConstant ( 1,1 : #97 )
$BrzFetch ( 32 : #96,#94,#95 )
$BrzAdapt ( 32,5,false,false : #94,#93 )
$BrzFetch ( 32 : #92,#91,#90 )
$BrzCallDemux ( 32,2 : {#62,#91},#4 )
$BrzSequence ( 4 : #1,{#89,#79,#6,#7} )
$BrzConcur ( 3 : #89,{#88,#85,#82} )
$BrzFetch ( 32 : #88,#86,#87 )
$BrzConstant ( 32,0 : #86 )
$BrzFetch ( 32 : #85,#83,#84 )
$BrzConstant ( 32,0 : #83 )
$BrzFetch ( 1 : #82,#80,#81 )
$BrzConstant ( 1,0 : #80 )
$BrzWhile ( #79,#78,#76 )
$BrzUnaryFunc ( 1,1,Invert,false : #78,#77 )
$BrzSequence ( 4 : #76,{#70,#60,#58,#14} )
$BrzFetch ( 32 : #70,#74,#75 )
$BrzAdapt ( 32,33,false,false : #74,#73 )
$BrzBinaryFunc ( 33,32,1,Add,false,false,false :

#73,#72,#71 )
$BrzConstant ( 1,1 : #71 )
$BrzConcur ( 3 : #60,{#69,#66,#63} )
$BrzFetch ( 1 : #69,#67,#68 )
$BrzConstant ( 1,1 : #67 )
$BrzFetch ( 32 : #66,#64,#65 )
$BrzFetch ( 32 : #63,#62,#61 )
$BrzCase ( 3,7,"7;6;4..5;3;2;1;0" :

#59,{#17,#25,#34,#110,#41,#51,#56} )
$BrzFetch ( 3 : #58,#57,#59 )
$BrzCall ( 4 : {#55,#50,#40,#33},#100 )
$BrzSequence ( 2 : #56,{#55,#54} )
$BrzFetch ( 32 : #54,#52,#53 )
$BrzSequence ( 2 : #51,{#50,#49} )
$BrzFetch ( 32 : #49,#47,#48 )
$BrzAdapt ( 32,34,false,false : #47,#46 )
$BrzBinaryFunc ( 34,33,1,Add,false,false,false :

#46,#45,#42 )
$BrzBinaryFunc ( 33,32,32,Add,false,false,false :

#45,#44,#43 )
$BrzConstant ( 1,1 : #42 )
$BrzSequence ( 2 : #41,{#40,#39} )
$BrzFetch ( 32 : #39,#37,#38 )
$BrzAdapt ( 32,33,false,true : #37,#36 )
$BrzUnaryFunc ( 33,32,Negate,false : #36,#35 )
$BrzSequence ( 2 : #34,{#33,#32} )
$BrzFetch ( 32 : #32,#30,#31 )
$BrzAdapt ( 32,33,false,false : #30,#29 )
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$BrzBinaryFunc ( 33,32,32,Subtract,false,false,false :
#29,#28,#27 )

$BrzCase ( 1,1,"1" : #26,{#23} )
$BrzFetch ( 1 : #25,#24,#26 )
$BrzFetch ( 32 : #23,#21,#22 )
$BrzAdapt ( 32,33,false,false : #21,#20 )
$BrzBinaryFunc ( 33,32,2,Add,false,false,false :

#20,#19,#18 )
$BrzConstant ( 2,2 : #18 )
$BrzFetch ( 1 : #17,#15,#16 )
$BrzConstant ( 1,1 : #15 )
$BrzConcur ( 2 : #14,{#13,#10} )
$BrzFetch ( 32 : #13,#11,#12 )
$BrzFetch ( 32 : #10,#8,#9 )
$BrzHalt ( #7 )

end

-- EOF

Appendix A. SSEM example, Balsa source and Breeze output 162


