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Abstract

The Balsa systemfor asynchronouircuit synthesisis described.Balsais a CSP-like
languagebased on the Tangram VLSI programminglanguagedeveloped by Philips
ElectronicsNV. and Eindhoven University of Technology The Tangramlanguagecanbe
transparenthcompiledinto an intermediateepresentatiofbetweerthe languageand gate

level implementationsgalledhandshag&circuits.

ThisthesisdescribeshoseadditionalfeatureghatBalsaexhibitsabove Tangramthe Breeze
intermediatdile formatfor handsha& circuits,the balsa-ccompiler(from Balsato Breeze),
asimulationervironmentfor Balsaandalsosuggesta frameawvork for a‘back-end’compiler

to transformBreezeinto standarcaell logic.

In particularthe supportfor separate&eompilationandthe useof a flexible communication
enclosednput choicemechanismare claimedasusefuladditionsto the expressvenessof
Tangram.New handsha&componentéwhicharetheconstituenpartsof handsha&circuits)
areproposedvhichareusedo implementhischoicemechanisnaswell asmoregeneralised

formsof theexisting Tangramsystemcomponents.
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Chapter 1. Introduction

1.1. Thesis overview

ThisthesiddescribesheBalsaasynchronousardwaresynthesisystem.TheBalsasystenis
heavily basedontheHandshak Circuit paradigmdevelopedby PhilipsElectronicaNV. and
EindhorenUniversityof Technologyandsenesto extendwork carriedoutby theAMULET
Groupat ManchestetJniversity underthe EXACT project into the benefitsof the useof

Micropipelinestylesingle-railimplementationsf handsha&components.

TheBalsaCompiler(balsa-cformsthefront-endof adesignflow which previouslyincluded
thePhilipsTangrancompilerandtheEXACT handsha&componentibrary. balsa-aésbased

onanextendediorm of the Tangramcompilationmechanisnfasdescribedy vanBerkel).

As alanguageBalsaattemptso make VLSI programmingnorepalatabldo theengineeiby
resemblingamiliarprogrammindanguageandby includinggreateexpressvenessvith the
enclosingselecttonstruceindmoregenerataseconstruct.Reuseof library moduless made

possibleby theuseof theintermediatdanguagé file format— Breeze.

Gatelevel implementation®f the new componentsntroducedare presenteaglongwith an
outlinefor a‘back-endhandsha&circuit to gatelevel netlisttool — breeze2gtes.Simulation
of Balsadesignss performedusingthe LARD tool [35] (alsodevelopedin the AMULET

group)atahandsha&circuit level.

1.2. Async hronous design

The global clock forms the centraltenetof todays dominantdesignparadigm,that of
synchronousircuits. Synchronousircuitsuseone(or asmallcollectionof closelyrelated)

signalsto synchronisechangesof stateacrossa machine. Viewing changesof stateas

1EXACT was the EXploitation of AsynchronousCircuit Technologiesproject (ESPRIT 6143) of which The
Universityof Manchestewasa partner

14



1.2. Asynchronous design

occurringsimultaneouslallowscircuitsto bemodelledattheso-calledegistertransferdevel
(RTL) wherethenew outputvaluesof combinatoriatircuit elementareall calculatednthe
basisof thecurrentstateandthevaluesonthecircuit inputs thenew statebeinga functionof

thosevalues.

The global clock is therefore a powerfully attractve abstractionfor simplifying the
implementatiorof sequencingindsynchronisatiorandfor hiding from the designerthose
undesirablefeaturesof the underlyingintrinsically analogueelectronictechnology these

includehazardandmetastability

Recentlytherehasbeenrenavedinterestin designingwithout clocks. Thevery large,very
fast moderndesignsand the demandfor low-power portable computationallypowerful
devices(mobilephonesPDAs, digital camerasportableCD playersetc.)makesdemand®f
clocked,synchronougjesignavhicharedifficult to meet. Thedistributionandcontrolof the
enegy dissipatedy a freerunningclock aremajordevelopmentheadachefor the modern

synchronouslesigners.

Synchronousdesign doeshowever rest on the assumptionthat the global clock signal
canbe distributedto all partsof the circuit without phasedifferences.In practicethis is
difficult to achieze andall synchronousmplementationsnustbe tolerantof the maximum
clock skew. Fractalclock distribution networkscanbe usedto matchdelaysfrom the clock
generatingircuitto theregistersof adesignput thisdesignalleviatesneitherthelargepower

consumptiorof sucha network northerequiremento tolerancdor proceswariations.

If theclockcanbeeliminatedandtheproblemsf synchronisatiorrelativetimingandcontrol
of hazardsanbe overcome asynchronouslesignsmay be of someuse. It remainsto be
proventhatclaimsfor low-power operatiomarejustifiedfor asynchronoutechniquesndso
for theremaindeiof thisthesisonly the claim thatasynchronousignallingtechnique®ffer
greatercomposabilitthansynchronousystemss considered.Theuseof composabilityof
smallunitsto createcompletedesignss demonstratedy Sutherlandn his Micropipeline
designstyle [22]. The composabilityoffered by asynchronouslycommunicatingcircuit
primitivesis alsothebasidor thehandsha&circuitsdesigrstyleonwhichthework contained

in thisthesisis based.

Chapter 1. Introduction 15



1.2. Asynchronous design

The composabilityof asynchronousircuitsby meansof asynchronousommunicationss
in contrastwith thedifficultiesassociateavith connectingsynchronousystemslrivenfrom
differentclockstogether Suchsynchronousompositionsnaybecontrolheavy (introducing
wait statesrequiring someform of synchronousacknavledgement)slow (eachtransfer
cycletakingthegreateof two multiplesof theclock periodsof bothcircuits)andintrinsically

susceptibleo metastabldailure.

1.3. The contrib ution made by this work

ThecurrentBalsalanguageandthebalsa-acompilerarebasedn afinal yearundegraduate
projectcarriedoutby theauthor[1]. There-implementatiolf thecompilet theintroduction
of new featuremot found in Tangramandthe compilersintegrationinto a simulationand

synthesigramework areclaimedasthe contributionsmadeby thework heredescribed.

By theseadditiongt is hopedthattheexpressvenes®f a Tangram-lilkelanguagesincreased
andthatnew designareasareopenedup (in particularthe ability to choosebetweercontrol
anddatadrivendescriptve styles). Handshak componentareusedasatargetform notonly
to benefitfrom their qualitiesasabstractre tools (abstractingmplementationsway from
particularsignallinganddatavalidity protocolsanddataencodingschemeshut alsoto allow

separatelevelopmenibf thecompilerfront andbackends.

1.4. The structure of this thesis

Subsequernthaptersre:

2.Handshak Circuits
A short introduction to the structureof handsha& componentsand circuits. The
languageTangramand the compilation mechanismwhich translatesTangraminto

handsha&circuitsarealsobriefly covered.

Chapter 1. Introduction 16



1.4. The structure of this thesis

3.TheBalsaLanguage
A descriptionof the Tangramderived languageBalsa. Featuref the languageare
explainedand comparedwith similar featuresn existing programmingand hardware
descriptionlanguages.A new input selectionschemeis discussedalong with a

mechanisnfor compilingdescriptionsisingthis schemento handsha&circuits.

4.CompilingBalsato Handshak Circuits
Theuseof the Tangramcompilationfunctionin a practicalcompilerandtheextensions
made to the compilation function to include the added expressvenessof Balsa

descriptionsredetailed.

5.Handshak ComponentmplementationandSimulation
Aspectof thechoicesnadeto arrive atausablesetof gate-level handsha&component
implementationsA simulationervironmentandtheeffectsof applyingoptimisationsat

differentlevelsof abstractiorarealsodescribed.

6. Thetestdesigns
Two exampledesignstheSSEMandSTUMP, writtenin Balsaaregiven. TheSSEMisa
simplesequentiabrocessowrittenin theTangranstyle, STUMPis describedn amore
push-orientate@ipelineelementtyle. Importantdesignfeaturef thetestcircuitsare

highlightedaswell asthe useof handoptimisationto improve upona simpledesign.

7.ConclusionsindFurtherWork
Importantfeature®f BalsaaresummarisedThedifficulty of makingconclusionsbout
ongoingwork is reflectedupon. ComparisonsremadebetweerBalsa/ Tangramand
otherapproachet® theproblemof asynchronousircuit synthesisspecificallytheworks
of Burns[36] and Brurvand[15]. Futurework requiredto completethe Balsasystem

is outlined.

Chapter 1. Introduction 17



Chapter 2. Handshake Circuits

Theintentionof this chapteris to familiarisethe readerwith the notationandterminology

usedin theremaindeof thisthesis.

Thiswill consistof abasicintroductionto thestructureof thehardwaredescriptionanguage
Tangram and to the Handshak Circuit intermediaterepresentatiorwhich the Tangram

compilertargets.

A notationis definedto allow thedescriptiorof thebehaiour of theHandshak Component
primitiveswhich arethe basisof Handshak Circuits. A mappingis alsogivenbetweerthe
handsha& componensetusedby the Balsacompilerbalsa-cthe compileris describedn
84.2 andthe compilerthatis part of the Tangramsystem. This is provided asa guidefor

readerdamiliar with Tangramandthe Tangrammamedor components.

The Breezelanguages alsointroduced.Breezeis the target formatfor the Balsacompiler
and is simply a netlist format for handsha& circuits. Breezecomponentport structures
are comparedwith those of the Tangramnetlist format HCL to illustrate the use of
parameterisablarrayedportsto definethe port structure®of Balsahandsha& components.
A moredetaileddescriptionof Breezeandtheusedof arrayedports/ channelsanbefound
in 85.2and83.1.5.2respectrely.

This chaptershouldnotbe consideredo bea detailedor completeaccounto the handsha&
circuit methodology Theauthordirectstheinterestedeaderto the Ph.D.thesisof Keesvan

Berkel [28] for afuller descriptiorof thederivationandformal basisof handsha&circuits.

2.1. Handshake circuits

Handshakcircuits,describedy vanBerkel[28] areusedasanintermediateepresentatiofor
asynchronousircuitscompilediromthehardwaredescriptionanguag&angram.They allow
the constructionof circuits without knowledgeof the detailsof the underlyinghandsha&

protocolsor the implementatiortechnology Suchcircuits arecompositionof handshak

18



2.1. Handshake circuits

componentonnectedby handsha& communicatingchannels. Each Tangramlanguage
constructhasa direct compilationmechanisninto a handshaé circuit fragmentby means
of a front-endcompiler This directapproachallows the designerto choosethe degreeof
complity of theimplementatiorandits positionin the power / area/ speed... tradeoff
n-dimensionakolutionspace.Direct compilationalsoallowsthefront-endcompilerto have
a lower complity and greaterspeedthan synthesiserdasedon state-spacexploration
techniquesuchasBurstModemachinegfor examplethetool 3D [29]) or Petri-netgthetools

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

2.2. The handshake components

The handsha& componentset used by the Tangram and Balsa systemsconsists of

approximatelthirty, parameterisableomponentsParametetypesinclude:
» thedatapattwidth supportedy thecomponenbnits variousports.

» thenumberof portsof thesameaypewith similarbehaiour (theseareknown asarrayed

portsandareusedextensvely in the Balsacomponenset).

» specificatiorstringswhich affect componenbehaiour (suchasthevalueparameteof
a Constanhandsha& whichis intendedto provide a constantvalueon a singleoutput

portfor usein compiledexpressions).

Each handsha& componentalso hasa numberof ports. Each port hasthree attributed

features:

Type
This is associatedvith databearingports and determineghe numberof datawires
bundled.

Dir ection
This is one of input, outputor nonput. The directionindicatesthe data directionon

thatport.

Chapter 2. Handshake Circuits 19



2.2. The handshake components

Sense
Thisis eitheractive or passve. A port may eitherbetheinitiator of a communication
(active, the sourceof the requestsignal)or its tamget (passve, receving the request
signal). A port'ssensas separatérom its datadirectionanddetermineshedirectionof

therequestaindacknavledgelinesconnectedo thatport.

The BalsasystemusesthelanguageBreezeasa targetformatfor the compilationof Balsa.
Breezeallows structuralcomposition®f handsha& componentgie. handshaé& circuits)to

bedescribedisinga syntaxnot unlike Balsaitself.

For eachcomponenin the Balsacomponentsetthereis an associatedreezedeclaration

which describesheportandparametestructureof 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

describeghe Variablecomponentvhich hasthreeparametergwidth , readPortCount

andname) andtwo groupsof ports(read andwrite ). Thetypecardinal s usedto
indicateanumericparametein therangg[0, oo] andis usuallyusedto indicatethewidthsand
numberof portsin componentsith datapattor numberegbortstructuresThestring  type
usedin the nameparameters supportedo allow annotatiorof component®y the compiler

andto allow specificatiorstrings.

All the portsof a Breezecomponenimusthave a type of the form: n bits (the useof this
form of type,thenumerictype,is detailedin §3.1.2 in orderto simplify thetyping of Breeze

compositions Breezds explainedmorefully in 85.2

Thereadportsof theVariablecomponenaregroupedogetheiin anarrayedport whereeach

of theportsread[0] toread[readPortCount - 1] hasthesametype,directionand

Chapter 2. Handshake Circuits 20



2.2. The handshake components

sense.Theuseof arrayecportsandarrayecthannelén Balsaisdescribedn §3.1.5.2they are
largelytheresultof thedesireto beableto parameterisback-enccomponents awaywhich
is consistentvith the Balsaprocedurgort structureandtype systembut withoutintroducing
portstructuresvhichhave avariablelength'tail’ of ports(likethevaragsstyleunconstrained
argumentistsof theClanguage) An instanceof theVariablecomponenwith two readports
connectedo wire numbers2 and 3, a write port connectedo wire 4 anda width of 12 bits

wouldlook somethindike:

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

Thetwo readportsaregatheredogetherin a bracedlist sogiving a port structurewhichis
a two elementlist of write andreadports. The channelsaappearingn a Breezefile areall
numberednsteadof namedin orderto simplify nameclashesandaid numericindexing of

arraysof channels.

2.2.1. Composing handshake circuits

In thecompositiorof ahandshag&circuit,anumberof handsha&componentareconnected
togetherby channels.Eachchannelconnectsxactly one passve and oneactive port of a
pair of handsha& components.The portsof the composedchandsha circuit areformed
by channelgonnectingportswithin the circuit to the environment. All otherportsmustbe

internallyconnectedo othercomponentsports.

As ary particularactive or passve port could be eitheran outputor aninput, two forms of

communicatiorarepossiblepushandpull.

Pushcommunications
Pushcommunicationgake placeon channelswvhich connectpassve inputsto active
outputs. This is the Micropipeline [22] style communicatiorwherethe requestflows
in the samedirection asthe data. Datavalidity is signalledby requestand released

by acknavledge.

Chapter 2. Handshake Circuits 21



2.2. The handshake components

Pull communications
Pull communicationgake placeon channelswhich connectactive inputsto passve
outputs. In this form of communicationdata flows in the samedirection as the
acknavledgement A communications initiatedby therecipientof thedataandsodata
validity is signalledby theacknavledgeline andreleasedy therequesieitherther |

of thiscommunicatioror ther 1+ of thenext).

The communicationtype is a property of the channel. The compilation mechanismfor
Tangram(whichis explainedin §82.3 resultsin circuit fragmentswith active inputandactive
outputports(asaresultof theactvenatureof thetransferrersdataports). Circuitsconstructed
from compositionsof compiled circuit fragmentsmust have their interconnectingports

connectedy Passvatorcomponents.

The Passvator introducessynchronisatiorof requestsfrom input and output ports and
mediateghe overlappingof the two handsha&s(onepush,onepull) sothatthe datavalid
phaseof the two data-walidity protocolsinvolved coincide. Channelcommunicationsn
Tangramalsoincludethe conceptof the broadcastchanne| hereone outputchannelcan
synchronouslgommunicat@avalueto severalinputsby mean®f atreeof components/hich

serne aconceptuallysimilarrole to the Passvator.

The combinationof active / passve, input/ output/ nonputportsandtheir relationships
to pushandpull channelss showvn in [tab 2.1} In accordancavith establisheadonvention
handsha& componentaredravn aslarge circleswith smallercirclesasports,the senseand
directionof the portsbeingindicatedby the openor filled port circle andthedirectionof the
arrov onthechannekarcrespectrely. An exampleof thisrepresentatiors givenin [fig. 2.1]
Nonputportshave no associatedataandsono datadirectionor senseof push/ pull ontheir

connecteahannelsSyncchannelsareindicatedoby arcswithoutarrows.

Thechannetonnectionso portsin [tab. 2.1]]make thethedata requestindacknavledgement
signalsof the ports explicit for the purposesof emphasisingheir directions. This does
not, however, indicatethat a bundleddataimplementationis necessarilyhe only meansof
implementinghandsha&componentalthoughthisform of implementatiomwill bethemain

focusfor thisthesis.
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Ordinarily handshaé& circuit diagramsshav eachchannelasa singleline. The circuit in
[fig. 2.1]shawvsapipelineof threebuf singleplacebuffer elementgtheBalsacodefor whichis
shavn in thefigure)connectedogethemwith channelsndutilising the Passvatorcomponent
(thecomponentvith two passve portsandasingledotwithin thecircularcomponensymbol)

to make their active portscompatible.

Input Output Nonput
passive input active output passive sync
PUSh (:ala t:ala SynC ’
a ‘P a a
active input passive output active sync
Pu ” (:ma (;ata SynC r
~—— a a —— a

+ o@o+ @@@;

procedure buf (inputa: T; output b : t) is
local variable ¢ : T begin loopa->c ;b <-cendend

Figure 2.1. A Passivator-connected pipeline of buffer elements

This threeplacebuffer circuit hasthreeports:the activation (on the top, indicatedby the
symbol‘ > '), aninputa andoutputb. Thepassve,nonputactivationchanneis presenin
all compiledTangramandBalsacommandsindsenesto encloseéhebehaiour of thecircuit.
Enclosuras animportantconcepin thedescriptiorof handsha&kcomponenbehaioursand
allowsustosuccinctlydescribeasingle(passve)porthandsha&requesinitiatingabehaiour
andanacknavledgemenbeingassertedvhenthatbehaiour hasterminated.For example,

if anactivationhandsha&encloses circuit behaiour Athiscanbewritten:
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# > A

wherethe colonindicatesthe enclosureof theright handterm by the left handhandsha&
andthe#[ ]indicateqpossibleyepetitionof thebracletenclosedehaiour. In atwo phase

contet thisis equivalentto:
#He oA >

wheresequencings introducedy thesemicolorandthetermsr>  andr> | refertotransitions
ontherequesaindacknavledge®f theactivationchannel.Severalinterpretationarepossible
for four phasesignallingdependingn the usualdatavalidity protocolfor the channel.This

is theenclosureefinementor four phasesarly(sometimeg&nown asnarraw):

d I B N B PR

theup anddown arronsindicatethe directionof the signaltransition. Thisenclosurecould

alsobewritten:

#lo 1 A>T > L]
wherer> | isequvalentto sequencedown transitionsonrequesaindthenacknavledge.
Threeformsof choicetermsarepartof thenotationalso,theseare:

2.2.1.1. Boolean guarded choice —a multiple guard ‘if’

The booleanguardedchoiceoperatorpairsup booleanexpressiongvith actionterms. The
choiceoperatomwill evaluateall its guardsbeforechoosinga singletrueguardandexecuting

thetermassociateavith thatguard. Thegeneraform of thistermtypeis:
G, -T, |G -T,[..1G,-T]

Thetermwill terminateafterthechoserguardstermis executedorimmediatelyif noguard
isfoundto betrue). Notethatan‘else’clausecanbe specifiedby the negateddisjunctionof

all theotherguardsasimpleif G thenA elseB clausewould appeaas:

[G - A|-G_ B
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2.2.1.2. Boolean guarded repeated choice —a multiple guarded 'while’

Thisbehaesin asimilarwayto theboolearguardedthoiceexceptthataftertheexecutionof
thetermcorrespondingo a choserguardtheguardswill bere-evaluatedanda seconderm
maybeinvoked. Thiswill continueuntil all guardecomedalse. A boolearguardedepeated

choicelookslike:

#HG, -T, |G -T, | ... | G, - T]

2.2.1.3. Signal / comm unication guarded choice — choice of behaviour based
on signalling order

Eachguardin thisform of choiceis atermwhich beginswith thereceiptof aninput signal.
Thisguardis usuallyof eitherof theformsC; T or C : T whereC is acommunicatioron a
passveportandT isatermto execute. Theuseof anenclosingcommunicatiors particularly
usefulin the descriptionof passve input handsha& componentsvhich mustenclosean
outputcommunicatiorwithin a choiceof input communication(a BalsaCallMux which is
the TangrampushMIX components agoodexample). Thecommunicatiorguardedchoice

hastheform:

T, [T, | .. | T]

whereeachtermT, to T, is acommunicatiorguardedermasdescribecabore. Asiit is not
possibleto describean‘else’clausein whichno communications receved (aswe canplace
notimeoutonthearrival of thenext signal)arepeatingorm of thistermcouldneverterminate
(asit would notbepossiblefor all theguardgo ‘fail’) andsono speciakepeatingsersionof

thistypeof choiceis necessary

With theadditionof theconcurrenbehaiour operator ||’ thiscompletegshenotation. A ||
B specifieghatA andB shouldbeexecutedconcurrentlywith thecompositdermterminating

whenboth A andB have terminated.

Thisnotationwill beusedasthecommon-currengnotationin theremaindeof thisthesisto
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make informalandsemi-formalcomponenbehaiour descriptions.For themostpartthisis
the samenotationasvan Berkel's handshak processcalculus[28] althoughits informal use

is not strictly correct.

2.2.2. The Balsa handshake component set

The handsha& componensetusedin the Balsasystemis for the mostpartthe sameasthat
usedby Tangram.Componenandportnamesportstructureandexactbehaioursmaydiffer,
however, astheBalsacomponenttendto beparameterisabMith respecto theirnumberof

ports. For example,n the TangrantargetlanguageHCL a mixer componentvould appear:

MIX [PUSH 17] (b_111 ,b 18 ,b 112 )

This is a two input input-request-dvien multiplexer with two passve input ports (here
connectedochannel®_111_ andb_18_)andasingleoutputport(connectedob_112_ ).
Theportlist of thecomponents specifiedn the parenthesiseterm. The square-brackted
termspecifiesheparametersf thatcomponentHere[PUSH 17] impliesthatthisisapush

mixerwhichis 17bitswide. Thebehaiour of thiscomponents (informally):
MIX(a,b,c). #[[a:c|Db:c]]

Whereanoutputcommunicatioron ¢ is enclosedy a communicatioron eithera or b (the

movementof datais notshavn in thisspecification).

In Breeze(with the Balsacomponenset)this MIX componenis a CallMux componenta

similarinstanceo thatabove,in Breezewould be:

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

The notationusedin [28] is slightly different. The senseof eachchannels indicatedin eachterminvolving that
channel.For example:a t+ in the notationusedherewould becomea® t (for apassvea). Thisis donesimply
in the serviceof brevity. Alsoin thecauseof brevity, the declaratiorof variablesandinternalchannelswill notbe
shawn,it shouldbeassumethatunbounduppercasenamesefertovariableandlowercasenamedo portsor internal
channelgportnameswill beintroducedby the enclosingnotationprocessNam@orts). expression
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The componennameis prefixed with ‘$Brz ’ to placeit out of the namespacef common
Balsaidentifiers(which may not containthe character$’), the ‘Brz ’ prefix identifiesthis
asa BreezecomponentThe port structurefor the CallMux consistsof anarrayof passve
inputsandasingleactive output. Theparameter@hoseargumentdbeforethe’|’) specifyal7
bit datapathandtwo passve inputs. Thiscomponents by this mechanisnparameterisable
in its numberof passve inputs. Treesof suchcomponentganall bereducednto a single
componentto aid optimisation (even if that optimisationjust involves expanding this

multi-way componentnto a morebalancedreeof two way components).

Balsanameswill be usedfor the remainingcomponentsasand whenthey are necessary
Thesenew namesaremeanto distinguishtheBalsaparameterisedomponent§om thoseof
the Tangramsystem.Tangramnamedor equivalentBalsacomponentsvill be givenwhere
appropriate¢o aidthereaderfamiliarwith handsha&circuits. Asaguide the36 components

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

Balsaname Tangram name Balsaadditions/ notes
Call MIX [~] output-counparameter
CallMux MIX [PUSH] output-counparameter
CallDemux MIX [PULL] iInput-countparameter
Fork FORK]~] output-counparameter
ForkPush FORK[PUSH] output-counparameter
Synch JOIN[~] port-countparameter
SynchPush JOIN[PUSH] passve-output-counparameter
SynchPull JOIN[PULL] output-counparameter
Passvator PAS[~] port-countparameter
PassvatorPush PAST] output-counparameter
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 actve-nonput-counparameter
Sequence SEQ active-nonput-counparameter
Loop REP
Repeat COUNT
While DO returnsack.on guardfailure
WhileElse DOELSE never returnsacknavliedgement
Bar BAR guard/command-coupiarameter
Arbiter ARB
Fetch TFR
Case CASE Balsausesa ‘specificationstring’,85.1.1.4

Table 2.4. Balsa and Tangram control components

Balsaname Notes
CaseFetch implementsasechoicein exprs.
Decision\Wit unarbitratecchoice
False\ariable allowshandshak&enclosedeadson channel
NullAdapt adaptdrom aninputto a nonputchannel

Table 2.5. Components new to Balsa
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2.3. Tangram

Core Tangramis a hardware descriptionlanguageusedby van Berkel [28] to illustratethe
semanticandcompilationrmechanisnof Tangram.In thissectiorasupersedf CoreTangram
is outlined (which remainsa subsetof the full Tangramlanguageas describedn [17]) to
illustratethosefeaturesvhichbothfull TangramandBalsashareThelanguages aderivative
of CSP[7] andsodescribecommunicatiorbetweenstaticconcurrenjprocesseby explicit
input and output commands.Control flow is expressedoy the sequencednd concurrent

compositionof thelanguages basiccommands.

A Tangranmprogramconsist®f asinglefile whichdescribeshewholeof acircuit. A thetop
level acircuithasanumberof externalportsconnectingt toits ervironment. All of thetype,
variableandsub-structuréefinitionsusedoy theprogramarecontainedvithin ablockwithin

thescopeof theseports.

Within the body of the program the usercandeclareproceduresvhich canbe instantiated
to form partor whole of the descriptionof the circuit. At theendof thelist of declarations
Is a singlecommandwhich will form thetop level of the circuit. Thiscommandmaybe a

primitive commanda procedurenvocation,or combineothercommandsisingsequencing,

concursinggchoiceor 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 andoutputareexpressedc?v andcle respectrely (wherec is a channel
on which to communicatey is a variableof the sametype asthat channelande is an
expressionwhose value is to be written acrossthe channel). Synchronisationof two
concurrentprocessesan be effectedby a nonputchannelconnectingthoseprocesseghe
commandc~ formsoneprocesss endof a synchronisatiomn nonputchannekc. Tangram
communicationdave a broadcastnature,for all thoseparallel processesvhich perform

communicationsn a sharecchannelthatchannekhouldconnecta singleoutputcommand
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with any numberof inputcommandgonein eachof theotherprocesses)Theone-to-mawg
natureof the broadcastommunicationvhencombinedwith the synchronisingcommand
forms a multi-way synchronisation.As no data direction is associatedvith a nonput
communicatiorthe synchronisingactionis symmetricwith respectto eachsynchronising
command.Communicatiorprimitivescanbe usedto communicatealonglocally declared
channelsbetween concurrent commands,betweenthe ports of concurrently invoked
procedureandwithin thebodyof aprocedurdor thetoplevel)totheportsof thatprocedure.
Thetop level of a circuit will typically be composedf a numberof concurrentlyinvoked
proceduresonnectedo the ervironmentby thetop level portsandto eachotherby locally

declarecchannels.

2.3.1.2. Assignment

An assignmengfor examplev := e, wherev is avariableande is anexpressiorof the

sametype)hasthe effect of changinghevaluepresenin avariable. Tangramis essentially
animperatvelanguagandsoassignmerdéndthemaintenancef statein variablessthebasis
of its design. We canalsoseethe assignmenasa form of nondistributedcommunication

where;:

V.= e
isequivalentto _v?v || _vle

where_v isalocalchannelsednowhereotherthanin thisassignmentBothassignmenand

theoutputcommandiefinethosepointswhereexpressionsarecombinednto commands.

Assignmentompletegshe commandsetof Tangram.The constructiorof proceduregrom
compositecommands pinding of variablesand channelsto names,port structuresfor
proceduresindtheirinclusionascommandsvithin otherproceduresrenot consideredhere

in thecontext of Tangram.

2.3.1.3. skip and stop commands

The skip commanddoesnothing. More preciselyit canbe usedwhererer a command

is requiredwhich hasno effect and doesterminate. This commanddoesfind a usein real

Chapter 2. Handshake Circuits 30



2.3. Tangram

Tangramdescriptionsasthe Tangramcase andif command$ave, by default,behaiours
wheretheir procesill deadlockif all their guardconditionsfail. Thestop commandby
contrastneverterminates A stop commands usedto deadlocka procesandsofindsfew
practicalusedn all but top-level descriptiongwheretheability to halta circuitin suchaway
thatthepowermustberemovedbeforereactvationmaybeuseful). In combinatiorwith other

commandshefollowing transformationaresemantigreservingA is any command):

skip ; A = A
A ; skip - A
A || skip = A
stop ; A =  stop

Thesedefinitionsarevery usefulin optimisingsequencedr concurrencommandsn which
oneor morecommandéasbheerreducedoeithertheskip orstop commandbyaprevious

optimisingstep.

2.3.1.4. Sequencing and concurrenc y

Theskip andstop definitionsaboreusebothsequencindindicatedoyA ; B,process\is
executedbeforeproces®) andconcurrentomposition(indicatedby A || B, Aisexecuted
in parallelwith B). Sequencedndconcursedcommandsrethemselescommandsgiving
usamean®f composinglescriptiongromthebasiccommands$with theaid of repetitionand
choicecompositecommands).The definitionof Tangram(andalsoBalsa)makesprovision
for the staticcheckingof concurrentaccesset® sharedchannelsandvariablesjn particular

thetworules:

1. Notwo concurrenprocessemaywrite to thesamechannel

2.  Notwo concurrenprocessesayaccesshesamevariableexceptwherebothprocesses

1t is unfortunatethat Englishhasno satisfyingverb for the action of making processesoncurrent.Concurrent
compositiorandconcursingreusecdhereto expresghatmeaning.lt shouldalsobeobviousthatwhereit isindicated
thatacommands ‘executedananalogyis beingdravn betweertheexecutionof instructionsonamachineandthe

enactmenbf acommands behaiour by asynthesisedircuit.
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only readthatvariable.

Thesestaticchecksarenecessarfor thecorrectcompositiorof channelnterconnectionand
the correctbehaiour of variablesin handshag circuit implementationalthoughthey can

limit theexpressvenes®f TangramandBalsa.

2.3.2. Conditional and repetition commands

Tothesetof basiccommandsTangramaddsanumberof repetitionandconditionalexecution

compositecommands.Thesenclude:

Unboundedrepetition

forever do A od

Constantnumber of repetitions
for CST do A od

Multiple guarded‘while’ loop
do G1; Clor G2; C2 ..0od

Multiple guarded'if ' command
if Gl1; Clor 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
becomingsimultaneoushytrue, the choice of which single guardedcommandto execute

is non-deterministic.

2.4. The Tangram compilation function

The Tangramcompilation function definesthe syntaxdirected mappingfrom Tangram
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commandsnto their handsha&circuit implementation.Sucha mappingpreserestheform
of theoriginal Tangramdescriptionin theimplementatiorandsoplacesheburdenof higher
level optimisationonthedesigner Thisrelianceontransparentompilationto parameterised
macromodulacomponentsaindthe design— compile— evaluateloop for handoptimisation
(whereanautomatedoutemayhaveaniteratingcompileror back-endptimiser)jsdistinctive

to Tangramin thefield of hardwaredescriptionanguages.

Thefunctiondescribedereis thatoutlinedby vanBerkel in chapter7 of [28]. Thisfunction
has an ‘active ported’ nature and employs both push and pull channelsconnectedby
passvatingPassvator, SynchandCall treeswherecompositiorof commandslemands.The

transformationulesfall into threeroughcategories:

Compilation of the basiccommands.
The basiccommandsconnectchannelsyvariablesand expressiongogetherto form
singlecommandsvhich have anactivationandexternalportssimilarto thecomponents
describedn 82.2

Compilation of the compositionalcommands
The compositionalcommandshave the task of combining commandsto form a
singlecommand. Accessego sharedchannelsyariablesand ports must be resohed

andcombined.

Compilation of expressions
Expressionsrecomposedn a similar mannerto compositionacommand®xceptthat
their activation mustcarry a resultvalue backto the commandn which they appear
alsoexpressionsnake noaccesset® channels.Tangramexpressionfiave a pull nature
andassuchthey alwayshavetheform of atreeof datapatttomponentsonnectingead
portsof variablegeachvariablebeingaconcreteeomponentaVariableYo asingle pull,

activationportwhichreturnstheresultof the expression.

In additionto thesecatagoriesthereis the compilationof a block enclosingchannelyariable
andportdeclarationsvith acommandn thatcontet. Thisentailstheconnectiorof dangling

channelsconnectedo pointswithin a commandwhich acceswariablesor channelgo the
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componentsreatedy thedeclaration®f thosevariablesor channels Thisresultan a setof

componentsvith fewer danglingchannelandunresoledaccesses.
2.4.1. The basic commands

Input, outputandassignmenareimplementedn a similar manner A Fetchcomponen{a
transferrerjransfergheresultof anexpressiorto achannebr variable thatchannelalueis
pickedup by anothertransferreat thefar endof the communicatior{or transferredlirectly
into avariablein thecaseof assignment)Theuseof anactive portedtransferreis whatleads
usto thepush/ pull active portedimplementatiorof Tangram.Much optimisationeffort can
be appliedto reducingcompositionsof transferrerand connectingcomponentdo a form
morelik e anassignmenftheequialenceof assignmenanda point-to-pointcommunication
wasmentionedn §2.3.1.3. Nonputcommunicatiorcanbeimplementedy connectinghe

commands activationto thechannebn whichthecommunications to take place.

The commandsstop andskip areimplementedoy the Halt and Continuehandsha&
componentgespectiely. Halt is the empty componentwhere the incoming requestis
unconnectedndtheacknavledgeistiedoff. Continuepntheotherhand]oopsbackrequest

to acknavledgeandsofulfils its role asNO-OPin thecomponenset.

Sequencingndconcurrenyg introducethe notionsof combiningthe accessemadeby two
commandgandtheir activations)into a singlecommand.The activationsof the composed
commandgpresentno problems Sequencand Concurcomponentgan a single activation
(thatof the compositecommand)nto the multiple activationsof the containedcommands.
Theaccessethosecommandsnaketo sharedrariablesandchannelsreresohedatthispoint
by theconnectiorof channebccessewith Synch,Call andPassvatorcomponentsit is not
theintentionto detailthis procesdereasit is essentialljthe sameoneusedby Balsa). The
functionsMix andJoin (whicharedetailedn 87 of [28]) specifythemannelin whichaccesses

arecombinedor sequentiahndconcurrentommanccompositions.

2.4.2. The compositional commands

The remaining compositionalcommands(other than sequencingand concurreng) are

implementedin a similar mannerto the sequenceand concurrentcommands. Special
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componentsgxist for theimplementatiorof eachcommandLoop for unboundedepetition,
While for the do loop ...) wherecommandsand expressionsare combinedto give the
uniform: passve activation, external instancereference,actve ported compositions. A
point of interesthereis the way that the activation of a compositecommandencloseghe
activationsof the commandsf which it is composed.This allows repetitionby repeated
activation of the command. The conditionalcommandsare implementedby effectively
sequentiallycombiningthe accessemadeby the command®of eachchoicethusreflecting
the sensethat they are mutually exclusive in a similar mannerto the disjoint activation of

sequencedommands.

2.4.3. Expressions

Expressionarekeptrelatively simplein Tangram.Therearenoconditionalexpressiorforms
or stateholdingelementsindeedt isimpossibldo implementhedata-drvennatureof other
descriptve paradigmswithout placingexplicit communicatiorcommands.The pull nature
of Tangramexpressiongloesallow us a singletransferrerto implementassignment.This
singletransferremakesit easieito sequenceperationdy thecontrolof thesingleactivation
of thattransferreratherthanhaving to monitorall of theincomingcommunicationso the
assignmens expressionaswould be necessaryn a datadriven system. Resultsare,asa
consequencef thisassignmenimplementationpnly generatedvhenrequested Any data
driven or parallelcomputatiormustbe explicitly codedfor by the designer The tradeoff

betweena pull / transferringimplementatiorand the optimisationpossibilitiesinherentin

mappingfamiliar patternf suchimplementationgnto push(datadriven)componentsuch

asthoseusedin the Micropipelinedesignstyleremainsaninterestingield of research.

Thelackof conditionalsn expressionsanbeparticularlyannging. Consideanaddemhich

canconditionallycomplemenbneof its inputs:

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

Thefunctioncomplement is usedhereto invertthebits of thewordrhs. Theuseanddeclaratiorof functionsand
thelack of abitwisecomplemenbperatorarenotrelevanthere.
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esac

This will yield a functionally correctimplementatioralthoughtwo adderswill be placed
insteacbf oneasthe‘+’ symbolappear# thedescriptiortwice. Alternatveimplementations
with asingleadderequireanextravariableto hold theintermediateesultof complementing
(ornot)rhs beforeperformingtheaddition. With a conditionalexpressioroperator(similar

totheternary? : operatoiin C)we couldrewrite thisexample:

result = Ihs +
if invert then complement (rhs) else rhs

Tangramdoesnot have this expressiorform andBalsadoesnot addit. Adding conditional
expressionso thelanguagevould restricttheability to addcommunicatiorprimitivesto the
languagef expressiongandfor themeaningpf thoseexpressionso bebothclearandsimple
to implement. Considerthe caseof a conditionalexpressionwhereonebranchperformsa
communicatiorbut theotherbranchdoesnot. Shouldtheconditionalexpressiorevaluateall
its guardedexpressionsn parallelwith the guardthenmalke a choice leadingto a possibly
unintendeccommunication?Alternatiely, shouldonly the chosenexpressionbe evaluated
so sequencinghe evaluation of guard and guardedexpression?When the guard itself
containsa communicatiorthe sequenced concursedehaiour of the guardand guarded

communicationsnustbemadeclear

The Balsaenclosingnput selectiormechanism{whichis describedn 8§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 = Ihs + processedRhs
end
end
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WherethechanneprocessedRhs isusedto carrytheright handsidevalueto theaddition

whereno variableis requiredto hold its valuedueto theuseof theselect mechanism.

2.5. Chapter summary

This chapteris very mucha whistle-stoptour of the conceptsandterminologysurrounding

handsha& components Specialnoteshouldbetakenof:
*  Thechangeof handsha&componenhamedrom Tangram.

*  Thesimplifiedform of thenotationof handsha&procesgalculudescribed.Thisisthe

only behaioural notationusedin theremaindeiof thisthesis.
Thetermstype,directionandsensdor portstructures.

e Thetermspushandpull for channecommunications.

Every effort is madeto useboth the notationandterminologyof this chapterconsistently

throughouthebodyof thethesis.
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TheBalsalanguagavasdevelopedasaresponséo aneedfor alanguageo replacefangram
in anexisting Tangramapplicationyiz. thesingle-raiimplementatiorof Tangramhandshak

circuits carriedout by The University of Manchesteuunderthe EXACT project. As such
Balsastronglyandshamelesslyesemble3angramandcanbeconsideredo beanextension
of thatlanguage.This chapterdescribeshe syntaxandsemantic®f Balsaby comparison

with Tangram.

The main features which Balsa brings to Tangram are outlined along with their
implementationgn handshak componentsTheseeaturesncludeaninputcommunication
selectionmechanismsimilar to the Ada rendezwus, arrayedchannelsand support for
betterparameterisatioandseparateompilation. Theseadditionsaddresspecificpractical
requirementifomthelanguageln thecaseof inputselectioranumberof examplesaregiven

toillustratetheuseof thenew feature.

3.1. Balsa as an extension of Tangram

The Balsalanguagecanbe viewed asoffering an extensionto the functionalityof Tangram.
Balsashareghe samechannelcommunicationsnd ‘activation orientated’control flow as
Tangramalongwith mary of the samecontrol compositioncommands.For compilation
to handshag circuits the sameactive ported compilationtechnique(asoutlinedin 82) is
used. At thetop-level Balsahasno conceptof the program. A designmay consistof mary
files containingprocedurd type/ constanteclarationsvhich cometogetherin a top-level
procedurenvhich composeslescribedhe structureof the design. This top-level procedure
would typically be at the end of a file which import s all the otherrelevant designfiles.
This importing featureforms a simple but effective way of allowing componentreuseand
mapssimplyontothenotionof theimportedprocedurebeingeitherpre-compilechandshak
circuitsor existing (possiblyhandcrafted)library components.This approachs similar to
theuseof headefilesin theClanguager DEFINITION modulesn Modula2. Declarations

have a syntacticallydefinedorder(left to right, topto bottom)with eachdeclaratiorhavingits
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scopedefinedfrom thepoint of declaratiorto theendof thecurrent(or importing)file. This
givesusthe samesimple‘declarebeforeuse’rule of C andModula althoughBalsahasno
facility for ‘prototypes'which areusedin C to facilitatethe definitionof mutuallyrecursve
functionsanddatatypes:Declarebeforeuse’is morerestrictve but easietto implementhan

thesimultaneousleclaration®f JavaandVHDL.

EachBalsadesignfile hasthisform?:

filed ::= [importsIgrivates[Tpublics[]
(inportsd = (import [ [path(] )*
[grivatesl] 1= €

| private  [declarations[]

[ublicsl] = ¢
| public  [declarations[]

Theimportlist limports[for afile precedeary declarationgontainedn thatfile, simplifying
the handling of name-spaceconflicts which may occur betweenimported and local
declarations.Thefile thencontainsan optionalsetof privatedeclarationsvhich arevisible
only to subsequendeclarationsn theremainderof thisfile anda setof public declarations
which arelimport[@bleby otherfiles oncethisfile hasbeencompiled. The [gath[jgivenin an
import  statements a dot separatedlirectorypathto the file required. For example,the
statementmport  [breeze.types.synthesis] appearsn all Breezeoutputfiles
to import the parametettypesnecessaryor the Breezehandsha& components.The file
examinedby this statementvill be‘.../breeze/types/synthesis.breeadierethe...” is the
first directoryin a givensearchpath(givenasanargumentto the compileror by way of an
environmentvariable)for which the completedpathrefersto an existing Breezefile. This
dottedpath searchmethodis similar to that of Java exceptthat Balsadoesnot implement
Java’s notion of multi-file packageslIt wasfelt thata simple,file orientatedstructuringof

designsvasanimprovementover boththe packagingnechanisnof VHDL (for whichthere

*An extendedform of BNF is usedto describevalid syntaxin this chapter A term( a ) O denoteszeroor more
repetitionsof theterma and( a )?indicateghatthetermais optional.
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is no standardmappingto the notion of the file) andthe C preprocessolike mechanism

of Verilog.
3.1.1. Declarations

[declarations] ::= ( [declaration[})*

[declaration[] ::= type [itlentifier(is [fype_decl_body[]
| constant  [itlentifierC [éxpression : [fypel)?
| procedure [itentifier[{ ( [formal_ports[)) )?is [Block[]

Declarationsntroducenew type, constantor procedurenamesnto the global namespaces
fromthispointuntil theendof theenclosinglock(orfile in thecaseof top-leveldeclarations).
Therearethreedisjointnamespacesnefor typesonefor procedureandathird for all other
declarationgjust constantdor top-level declarationsgout for procedurdocal declarations
thisincludesvariablesandchannels).The syntacticdistinctionsmadeby thelanguageasto
wherethe useof type,variableandproceduremnamesnaybe usedmakesthe useof multiple
namespacgmssible.Whereadeclaratiorwithin anenclosed innerblockhasthesamename
asonepreviouslymaden anouter/ enclosingcontext thelocaldeclaratiorwill hidetheouter

declaratiorfor theremaindeiof thatinnerblock.

Constantdeclarationind values(which may be of ary type) to names. The value of a
constantstakenfromacompiletimeconstanexpression.Thetypeof suchanamewvhenused
in anexpressiorwill bethesameasthe [éxpressionCivhosevaluewasboundto thatnamethe
inclusionof the [fype[Xerm of a constandeclarations usuallyusedto exploit compiletime
typecheckingto suggesbr enforceatypefor theconstant.Constantsleclaredn the public
bodyof afile areexportedto thebreezeoutputfile. Constandeclarationsisethesymbol'=’

to signify thatabindingof avalueto anames made. Typesandprocedurearenotfirst class

‘valued’'objectsin Balsaandsotheseparatofis " is usedin their declarations.
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[type_decl_body[]l ::= I[typel]
| record [record_elements[] end |over [typel)

| enumeration  [énum_elements[] end |over [fypel)

typell ::= [dentifier(]
| [éxpression] signed )?bits
| array [range[of [fypel]

Theover [iype[terminatedorm of recordandenumeratiordeclarationsllows the userto
specifya boundingtypefor thatrecordor enumeratedype. Theboundingtypeis sonamed
becausé providesamaximumpoundingJimit tothesizeof thedeclaredype. Thisisuseful
to bothallow the creationof typeswhich arepaddedo a givenwidth andto preventrecord
andenumerationypesfrom exceedinga maximumwidth by allowing theuserto specifythat
width,forexampletype a is record b,c : byte over 17 bits declarestype
a which has16 usefulbitsin two element$ andc. Theboundingtypeis17 bits andso
ary valueof typea haswidth 17,themostsignificantbit beinga paddingpit. If arecordtype
is subsequentlgefinedwhich haselement®f typea, thoseelementsill eachhave awidth
of 17 bits sointroducingpaddingbits into the body of the newly declaredype. For record
typedeclarationshesepaddingbits canbeexplicitly includedasa redundanelementof the
type,thiswill however affectthesyntaxof recordconstructiorexpressiongndalsoforcethe
compilertotestfor matchingof readandwrite accesse® thoseelements Enumerationypes
with paddingcanalsobe declaredby includinga redundanelementof the requiredwidth
in the enumeratiordeclarationthe over syntaxis therebyjust syntacticsugar. The width
of theboundingtype mustbe greateror equalto thewidth of therecordor enumeratedype

it bounds.

The term [fypeldis usedwherea pre-declaredr aliased(numeric/ array)typeis required.
Recordandenumeratedlypescannotbe aliasedandsoa recordor enumeratiordeclaration

is only valid within thetypedeclaratiorbody.

3.1.2. Typing
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3.1.2.1. Numeric types

Numerictypesincorporatenumbersver eithertherange[0,2" - Jor[ - 2" L 2" 1- 1 (n O
[1 INT_MAX], ona32bmachinen 0[1, 2*? - 1]). Namednumerictypesare(for thepurposes
of typeequialence)ust aliasef unnamedypesof the samerange. Examplef numeric

typesare:

8 bits givestherange0, 22 - 1]
or 8 signed bits givestherange] - 27,2 - 1]

Numerictypesarethemostcommonlyusedclassof typesin Balsadescriptions.They allow
theuserto simply declarea bit granulargenerapurposenumericrange. Theintentionhere
Is to reflectthe concretenatureof theimplementatiorby not allowing numericrangesvhich
donotreflecttherangegranularityinherentin abinaryimplementation Numerictypessene
arole similar to the simplebit orientatedyping usedby Verilog andto someextentthe bit
vectorsof VHDL.

3.1.2.2. Enumerated types

Enumeratedypesconsistof namedhumericvalues. Enumeratedypesmustbegivennames
andarethereforechecled for equivalenceby name. The namedvaluesof an enumeration
aregivenvaluesstartingat zeroandincrementingoy onefrom left to right in the sameway
asfor the languageC. Namescan be individually boundto specificnumbersat the point
of declaratiorandmary namescanbe givento the samevalue. Eachenumeratedype has
an associatechumerictype which is the smallestnumerictype which will hold all of the
enumeratiowvalues. Theidentifiersassociatewith theelement®f anenumeratioonly take
theirmeaningaspartof theenumeratiowherea valueof thatenumeratedypeis expected.

For instanceif 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 isvalid andassignghevalueof theGrey elemenif Colour
(viz.8)toa. Thecommanda := ColourGrey isalsovalid asit specificallyqualifies
theidentifierGrey asbeingamemberof Colour , thisis usefulin the contet of constant

declarationsvherea specifictypeis indicated:

Colour'Red
Red : Colour

constant ~ NkMMultiplier

beingequivalentto constant  NkMMultiplier

Notethatin thesecondcasethe‘: Colour ' is partof the syntaxof constantdeclarations

ratherthanatypequalifierfor theright handsideexpression.

Theimplementatioof enumeratetypespreseresthedirectnessf translatiorinto hardware.
The usercanassignspecificvaluesto specificelementf the enumeration.The usermay
alsodefinethenumberof bits usedby theenumeratiory eitherspecifyingelementsvithin
acertainrange(for which thesizeof the‘smallestnumerictypewhich cancontainall those
valuesis used)or by explicitly providing a boundingtype. Enumerationslo not, however,
exhibit the'specialtype’/ numeridypedualitythatANSI C enumtypesenjoy. Enumerations
may only be usedin numeric expressionsby explicit type casting. The identification
of an enumeratiorelements type by context and the sharingof elementnamesbetween

enumerationypesis afeaturetakenfrom VHDL.

3.1.2.3. Record types

Recordsare bitwise compositionsof hamedelementsof possibly different 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 s the first
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elementandsorepresenttheleastsignificantportionof the bitwisevalueof avalueof type
Resistor ,R15.SecondBand will givetheSecondBand valuefromvalueR15 of type

Resistor

Recordsaresimilarto C struct  swith bitfieldsexceptthata definedorderandpackingfor
theelement®f thetypeis defined. TheBalsarecordstructures intendedo besimilarto the

tupledtype constructiorusedin Tangram(albeitwith namedields).

3.1.2.4. Array types

Arraysarenumericallyindexed compositionof same-typedalues. Arrayscanbe created
anorymouslyaswith numerictypes;array 0..7 of SomeType is anarraytype of
8 elementsndexed acrosgherange[ 0, 7], eachelementhastype SomeType. Arraysare
typically usedasthe basisof registerbanks(or otheraddressablesgistersystem)andwith

arrayslicingto allow arbitrarybitfield extraction for example:

((instruction as array 0.31 of bit)[31..28]
as InstructionType)

performsatypecastonthevalueinstruction into abitwisearrayfromwhicha4 bit slice
is extractedandcastinto thetype InstructionType . Notethatthe orderof theindices
in asliceoperatiorisirrelevant,[0..31]  isequivalentto[31..0] . IngeneraBalsapacks

all compositdypedstructuresn aleastsignificantto mostsignificanteft to right manner

Array typesallow the creationof indexablevariablesin Balsabut alsoallow bit extraction
from wordsin a similar way to the simplebitwise typesof Verilog andthe identicaluseof
arrays(with indexing andslicing) in VHDL. A Tangramdescriptionrequiringbit slicing
wouldtypicallyrequirethedeclaratiorof anew (tupled)typeandacastintothattypefollowed
by an elementextraction. The addition of array slicing makes the declarationof a new

typeunnecessary

3.1.3. Procedures

Proceduresorm the bulk of Balsadescription.Eachprocedureéhasa name a setof ports
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and an accompawing behaioural descriptionin the sameway as Tangram. Procedure

declarationsollow thispattern:

[declaration[] ::=

| procedure [tentifier[{ ( Hormal_ports[)) )?is [Block[]
(formal_ports] ::=  [gort(] ; [Port[)*

(Portd] = (input |output ) [Hentifiers[T [Typel]
| array [ange[Df (input |[output ) [entifiers(l [ypel]
| sync [idlentifiers[]

| array [ange[bf sync [dentifiers]
(itlentifiersC] ::=  [dentifier(] , [dentifierC)*

Mlock] := (local [bcal_declarations[)?begin [dommandend
| ( [dommandC)

(Ibcal_declarationsl] ::=  ( [bcal_declaration[)*

[Ibcal_declarationl] ::= [declaration[]
| variable  [MentifiersC3 [{ypel]
| channel [tentifiers’t [Typel
| array [ange[bf channel [dentifiers[t [Hypel]
| sync [idlentifiers]
| shared [itlentifiersCds [Block[]

The appearancef proceduredeclarationss superficiallysimilar to proceduredeclarations
in VHDL. Eachproceduremay have a numberof ports(eachof which canbe connected
to a channel)the sync keyword introducesnonputchannelsn Balsa. Both nonputand
data-bearinghannelganbemember®f ‘arrayedchannels{thosedeclarationsn theabove
BNF which includethe array keyword). Arrayedchannelsallow numeric/ enumerated

indexing of otherwisefunctionallyseparatehannelsarrayedchannelsareexplainedfurther
in 83.1.5.2

Proceduresnay alsobeara list of local declarationsvhich may include otherprocedures,
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type and constantdeclarationsvhich will never appearin an output breezefile or exist
outsidethescopeof thatprocedureaswell asthevariable sharedlock,channebndarrayed
channebeclarationgocalto the [dommandl] Localchannelsnaybearrayedn thesameway

asports.

TheubiquitousTangramsingleplacebuffer lookslik e thisin 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
0 <- X -~ Output communication
end
end

With theexceptionof syntacticchangeshisdescriptions essentiallfthesameastheoriginal
Tangramprogramwhich hasa similar form to eithera CSPor OCCAM descriptionof the
samebehaiour. For the majority of straightforvard input — process- outputdescriptions
the Balsadescriptionwill be virtually identicalin form to the Tangramdescription. The

comparableommand®f thetwo languagesarelistedin [tab 3.1]

3.1.4. Tangram features missing from Balsa

Balsalacksa numberof featuregoundin thefull versionof Tangram.In mostcasesisesof
suchfeaturesanbereplacedoy useof eitheranalternatestyle of descriptionor by theuse

of constructgresenin Balsawhich arenot presenin Tangram.
Notableexamplesare:

3.1.4.1. Variable procedure arguments

Variablescannotbe passedo proceduressargumentspnly channelanbe connectedo

procedurgoorts. For aproceduravhichaccessethesamevariablemultipletimes(especially
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Tangram Balsa Notes

a?x a->X X mustbeavariable.

bly b<-y y isan[éxpression[]

c~ sync c¢

stop halt

skip continue

z = e z = e No implicit type cast is
performedn Balsa.

A; B A, B

Al B Al B || hashigher precedence
than;

forever do ...od loop ...end

if ..then ... or .. |if .. then ... also without an else clause

then ...else ...fi then ...else ...end Tangramdefaultsto else
stop , Balsa defaults to
else continue

do ... then ... or while ...then ...also

then ...else ...od ...then ...else ...end

case ...of ...then ... | case ...of ...then Balsaallows guardsof the

or ...then ...else ... | also ...then ... else form1,2,3..6

esac ...end

Table 3.1. Commands in Balsa and Tangram

in parallel)morethanone port mustbe presentfor eachaccesdo the samevariable. This
malesthe port structureof a procedurelependenon theinternalvariableaccesbehaiour

which canbeconsideredo bedetrimentato theaimsof ‘separatecompilation’.

3.1.4.2. Tuples and simultaneous assignment

TheTangranstatement<a,b>> := <<c,d>> will assigrthecurrentvalueof expression
c tovariablea andlikewised tob. Thisform of assignmentlepend®ntheconstructiorof
ananorymoustupletypedexpressiorfrom theexpressions andd aswell astheconstruction

of anassignablexpressiorn(anlvalueor location)from variablesa andb. Balsahasneither
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anorymoustuplesnor compositdypedivalues.Parallelassignmeniustbeachiezedby the
statementa ;= c || b := d. Theslipperysubjectof structuraltypecompliancdan a

typesystemwith a singlebit typesizegranularityis therebyside-stepped.

3.1.4.3. Implicit type-casting

Theonly form of implicit type-castingoresenin Balsais the promotionof numericliterals
underanexpectationof awider numerictype,for example:a := 32 wherea hastype32
bits isvalid becaus¢heright handexpressioris expectedo have thesametype,is aliteral
numericconstanandhasaninherenttype (humber32 hastype6 bits ) whichis narrover
than32 bits. This hyperstrict typing togethemwith thetrinity of numeric bitwisearrayand
recordtypingtypicalof mary desigrdescriptionganmakefor unwieldysequencesf explicit
castsConsideraninstructionregisterin a microprocessowhich is loadedfrom a numeric
typechannelandfrom which fieldsareextractedby using‘mask’ recordtypesor by bitwise
addressingusingan arraytype. Each‘masking’ operationperformedon this register will
requireoneor morecastdo achieve. A simplercases thevery simpleassignmenstatement
X = X + 1. Thisisnotvalid Balsaasthetypeof anadditionof a 32 bit (thex) anda 1
bit type (theliteral 1) is33 bits . x = (x + 1 as 32 bits) isthecorrectform
of suchanassignmentThisstrictapproacto numerictyping takesmuchof theguessvork
out of operationsvhich have differentreturntypesfrom their alguments.In this particular
exampleit forcestheuserto remove (with atruncatinglype-castjheextra carryoutbit from

theaddition.

The33%bitofa32 bits x 32 bits additionisthecarryoutof themostsignificantbit of

thataddition. Thiscarryoutbit canbeusedby castingtheadditionresultinto arecordtype:

type AddResult is record Result : 32 bits; Carry : bit
end
variable r : AddResult

f“:: (@ + b as AddResult)

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

additionresult. A similarkind of recordtypecouldbeusedto extractthemostsignificantbit
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of rrResult  toproduceangjativeflag. By theuseof recordandarraytypes bit extraction

canbe madeconsiderablyesspainfulthanif explicit shiftsandmaskswverenecessary

3.1.4.4. CSP like comm unication selection mechanism

Balsareplacesthe communicationguardedselectionof Tangram/ CSP with a similar
constructvhichforcegheguardingcommunicatiorio encloseéhebodyaction. Thisconstruct

is examinedfurtherin 83.2

3.1.4.5. ram and reg distinctions for arrayed memory access

Tangramprovides different declarationforms for arrayedmemorieswith differentaccess
patterns.ram providesasingleread,singlewrite port memory(singlesimultaneouseador
write) possiblyimplementedvith anSRAM macrocell.reg providesfor multiple readport
memorie®f thetypeusedin registerbanks.Balsaallowsvariabledeclaration$o have array
types. Thearraytypecanbeusedio implementbothof theseformsof memory(althoughthe
implementations with variablehandsha& componentandsoit is betterto provide support
for SRAM throughan externally definedprocedurepandalsoto allow bitwise manipulation

of variables.

For thedeclaration:

variable z : array O .. 7 of 4 bits

z is a singlebit-vector32 bitsin lengthconsistingof nibble sizedchunksnumbered to 7
from leastto mostsignificantbit places.z canbecastinto a 32 bit typewithoutlossof bitwise
representatioandcanbeslicedandcastinto othersizedtypes, e.g.z[1..2]  returnsaslice
of z of typearray O .. 1 of 4 bits (arrayslicesalwaysreturnarrayvalueswhich
arebasedatindex 0. Typecompliancdor arraytypesonly considershenumberof elements
andthe elementsizenot the exactrangeof indices). Theway in which arraytype accesses

areimplementedisingslicesof variabless outlinedin 84.3.1.3
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3.1.5. Balsa features not present in Tangram

Balsaincludesa numberof featuresnot presentin Tangramtheseenhancementsclude
mechanism$or supportingbettercodereuse parameterisatioandtheinterfacingof Balsa
with existing ‘handshak componeninterfacewrappedpartsandraw handsha&component

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 alreadyin the back-endCAD
frameawvork’sdatabase/hichhavehandsha&circuitwrappersganbepickedupby otherBalsa
descriptiondor reuse. Reusecaneitherimply the inclusionof the handsha& 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 simple scriptswithout knowledgeof the original Balsaport typing otherthan

portwidths.

3.1.5.2. Arrayed channels

As previously stated procedureport andprocedurallylocal channelsnaybearrayed That
is they may consistof several distinct channelsvhich canbe referredto by a numericor
enumeratethdex. Thisis similartothewayin whichvariablescanhave anarraytypebutin
the caseof arrayedchannelssachchannels distinctfor the purpose®f handshakinggach
indexed channehasno relationshipto the otherchannelsn thearrayedport/ local channel
otherthanthesinglenamethey share.The syntaxfor arrayedchannelss differentto thatof
arraytypedvariabledeclarationghismakesit easieto disambiguatarraygwhicharetypes)

from arrayedchannelgwherethearrayingis a featureof thedeclaration).As anexample:

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

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

3.1.5.3. Type system features

Theenumeratedndrecordtypeclassesiescribedn §3.1.2arenotpresenin Tangram.The
Tangramtype systemis basedon anorymoustupleswith positionallynumberednembers.
Thearrayandarrayedchannefeaturesarealsonot presentn Tangramalthoughtheram and

reg keywordsdoallow for arraysof variableqsee83.1.4.5.

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 andforseq expressionof LARD [35]. for is a
structuralcommandunlike repeat andfindsits majority of applicationgn allowing the

parameterisatioof pipelines. Thecommancdasthefollowing form:

(for_commandd := for (|| |; )?@entifierddn [dange[then [dommandend

The generatedbody commandscan be either sequentiallyor concurrently composed
dependingnthekeywordfollowingthefor keywordin afor commandconcurrentlyfor

‘| ’, sequentiallyfor *; * or no keyword).

An n placebuffer (n > 2) usingthebuffer  declaratiorfrom §3.1.3 arrayedchannelsaand

thefor commandookssomethindikethis:

constant n =25

--  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]) I --  First  buffer

buffer  (ichan[n-1], o) || -- Last buffer

for || i in 1. n-2 then -- i th buffer

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

end

end
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The for commandallows the repeatedolacementof a numberof instancesof a body
[dommandCwith theactivationsof theseparaténstancesonnectedby eitherasequenceor a

concursofdependenmbnthechoiceof eitherfor ; orfor || formsofthefor command).
Thegivenidentifier isboundasaconstantithin eachinstanceof thebody Thelmange
dictateshow mary occurrencesf thebodyareplacedandalsothevalueof theboundconstant
in eachinstancefor sequentiallyplacedcommandshebodycommandsvill beexecutedwith

theboundconstantakingascendingaluesacrossherangeof the [range[term. The [range[]

termmayrangeover numericor enumeratedypes.

3.2. Input choice with select

The Balsa select  constructis similar to the selection mechanismpresentin the
MicropipelinelanguageYellow [18] (andby further elaboratiornthat of taskentry selection
in Ada [24]). This form of selectionwaschosendueto its flexibility (see83.2.9 andfor
thelow costof its implementatior(see84.3.3and83.2.3. Theselect commandhasthe

following form:

[Select_command] := (select |arbitrate ) [Select_terms[end
[Helect_terms[] ::= [Select_term[{ also [Select_term[)*

[Select_term] ::=  [dhannel_guards[then [dommand[]
[dhannel_guards[] ::= [dhannel_namel] , [dhannel_name[)*
[dhannel_namell ::= [identifier(]

| [ientifier (] [éxpr[]

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

commands.)

select ab then A
also C then B
also d then C
end
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Whenencounteredheselect commanawill waitfor oneof itsguardconditiondobecome
true. Thisimpliesthatall thechanneldistedin oneof thecommands$dhannel_guards[terms
mustbecomecapablef providing aninput. Thechanneldistedin eachlselect_termCimustbe
disjointfrom all otherchanneketsn thesameselect commandandeachchannemustbe
capableof aninput communication After theguardbecomegrue,thecommandassociated
with thatguardwill be executedandoncethiscommanchascompleteccontrolreturngo the

commandsequentiallyffollowing theselect command.

3.2.1. Differences from Tangram select

Thisbehaiour is differentfrom the Tangramselectconstructn severalways.

3.2.1.1. No output selection

Only input selectionis permitted. Outputselectioncanbe simulatedwith a pair of channels,
onearequestndtheotheraresponsevith alselect_term[of theform:requesthen response
<- expression Outputselectionwould requireeither the output commandto be the last
actionof theguardeccommandr for theoutputvalueto bestoredpendingcompletionof the
guardcommunicationgseethefollowing noteon enclosure).Thefirst optionwould require
potentiallycomplicatedanalysiof thecommandstructurdo ensurehefinal actionisactually
theguardingcommunicatiorandthesecondheadditionof extrahardwareandcontrolto the

select implementation.

3.2.1.2. Multiple guard channels

Eachguardmayconsisiof multipleinputchannelsThisisparticularlyusefulwherenochoice

is requiredbut the passve input semantic®f guardborneinput channelss desired.

3.2.1.3. Guard enclosure

The input communicationson the guard channelsfor a given commandenclosethe
commandor that[Select_terml] Thisbehaiour allowsthe processtthesourcingendof the

communicatiorio be stalledby theactionof thecommand.Thevaluespresenbntheinput
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channelganbemadeaccessibléo thecommandisread-onlywariablesvithoutimposingthe

costof avariableor multiple communicationsf thesamevalueacrosgheinputchannels.

3.2.1.4. Lack of arbitration

The choice offered by select is unarbitrated. Substitutingthe keyword arbitrate

for select doesallow a two way arbitratedchoiceto satisfy the fundamentaheedfor

arbitrationin someformsof description.For theunarbitrategelect ,behaiourin thecase
wheretwo or moreguardsbhecometrue simultaneouslys undefined. The caseof a second
guardbecomingrueduringthe executionof acommandassociateavith adifferentguardis

similarly undefined.Both of thesecasesnayoccurin a descriptionn whichtwo inputsare
unsequenceby theervironment. It is, thereforejmportantthatanernvironmentalconstraint
guaranteeingnutualexclusionof communication®n the channelguardsetsbe presento

ensurecorrectbehaviour of thecircuit.

Thelackof arbitrationallowsaverylow overheadmplementatiorof selectiorin thosecases
wherethe ervironmentdoesimply mutualexclusionof guardcommunicationyet punches
asizableholein the simple,compositionatesourceaccessnterferencecheckingperformed
onparallelprocessesGuardeccommandsreconsideredo bestrictly mutuallyexclusive by
thecompilerandsomayinterferewith oneanotheiif mutualexclusionis notenforced.In the
absencef amechanisnior describinghigherlevel constraint®n circuit behaiour thelack
of arbitrationallows designerso applytheir knowledgeof suchconstraint$¢o producemore

compactandefficientimplementations.
3.2.2. Uses of selection

The select  constructallows the descriptionof Micropipeline-like componentswith
passve inputs and active outputs:this increaseshe expressvenessof Balsadescriptions
by both allowing selectionof flow of control by input arrival orderandby allowing input

communicationsvithouta variable. Compare:

a-> v A
with select a then A end
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The first commandperformsthe communicationand operationA in seriesallowing the
componentt thefar endof a to proceedwhilst A is beingexecutedthe secondcommand
forcesthe componenttthefar endof a to stall whilst executingA. This featureallowsthe
omissionof thevariablev andthe useof sharedesourcebetweerthefar endcomponent
andA to be shavn to be mutually exclusive, thatis to saythat during the executionof this
communicatiorthesequentiaproces®f whichthewrite endof thecommunications a part
performsno variableor channelaccessestherthanthosepresentn the expressionwhose

valueis communicate@longa.

Considetthisexample:

-- 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) s
begin
select b then
<A command manipulating a> ;
end
end
begin
procA(b) || procB(b)
end

HereprocesseprocA andprocB bothaccesshe sharedvariablea. Thisexamplewould
not however be consideredsalid by balsa-casthe two processeboth manipulatea andso
(using the simple compositionalaccessnterferencerules outlined §2.3.1.4 their parallel
compositioris notinterferencdree. If thepossibleorderingsf accesset® a areconsidered,
it isobviousthatprocB canonly access duringacommunicatiorwith procA onchannel

b. Duringsucha communicatiomo otherparallelprocessvithin procA (andalsonoother
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threadpresenin thebodyof proces$op ) makesuseof a. Theaccessew® a can,therefore,

beseeno beinterferencdree.

Theautomated@nalysisof suchcommunicatiorenforcedmutualexclusion(andalsosimilar
access-patteenforcednutualexclusionenforcedythealgorithmimplementeddf accesses

patternwould bea usefuladditionto to thelanguagebut is not a currentfeatureof balsa-c.

The select  constructcan be usedfor both input choiceand choicelesgpassve inputs.
Micropipeline-likeunhufferedinput pipelineelementaremadepossible.Someexampleof

theseusesare:

3.2.2.1. Input selection — the unbuffered multiple xer

The setof handsha& componentsisedin the Tangramsystemincludesa pushmultiplexer
(The PushMix Component).Thisis alsopartof the componensetfor the Balsacompiler
(The CallMux component- Balsa back-endcomponentdhave Micropipeline-like names
wherefunctionalityis similarto a Micropipelinedcomponent).Thismultiplexerimplements
a simpleunarbitratecchoicebetweentwo input ports. The chosennput channels valueis
thenoutputon the multiplexer’sthird, active, outputport whilst blockingthe processat the
active endof theselectegassve input. Thisbehaiour requireghatthe communicatioron
theinput guardchannekncloseshe outputcommunicatiorandsosuggests form of select
languagesonstrucin whichtheguardis nota communicatiorbut simplyaprobeonaninput
channelwhichif trueinitiatesa singlecommunicatiorenclosingthe guardedcommand.In
handsha&proces<alculughismaybewritten:#[[x : A |y : B]] wherewithin Athevalueon

thechannek is availableandlik ewisewith command guardpair B andy.

In Balsathe (bytewide)unbufferedmultiplexeris described:

-~ mux: Unbuffered  multiplexer

procedure mux (input ab : byte; output c : byte) s
begin
loop
select a then c¢ <- a -- a and b behave like variables
also b then ¢ <- b -- within  their guarded commands
end
end
end
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The resultanthandshaé circuit is shavn in [fig. 3.1]1 This implementationintroducestwo
new handsha&componentghe False\ariableandthe Decision\Wait. Thesymbolsfor these

componentanda descriptiorof theirbehaiourscanbefoundin §3.2.3

Figure 3.1. mux implementation in handshake components

3.2.2.2. Unbuffered choiceless pipeline elements — tupling element

In practice pushpipelinecomponentsanoftenbeconstructedavithoutinputchoice. A Balsa

descriptionof a pushcombine(inputtupling) handsha& circuit couldbesomethindike:

-- combine: Unbuffered input tupling procedure
procedure combine (input a : typeA; input b : typeB;
output c¢ : typeC) s

begin
loop
select a, b then -- Wait for a and b
c <- typeC {a, b}
end
end
end

The handshag circuit implementationof combineis showvn in [fig. 3.2] Allowing select
commandswhich involve no input selectionallows the userto write descriptionswhich
incorporatethe enclosing-communicatiobehaiour. In the combineexample,no variables
arerequiredto receve the valueson portsa andb andno sequencingf the{a, b} andc

communicationss necessaryThe removal of this sequencindat leastone Sequenceand
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one Concurcomponentand variablesassociatedvith the input communicationgalsothe

potentialfor select  specificoptimisations)allows moreareaefficientimplementatiorof

suchdatadrivendescriptions.

combine :: >

Figure 3.2. combine implementation in handshake components

3.2.2.3. Constructing Micropipeline-like pipelines

An abstracpipelineis shavn in [fig. 3.3] Inputdataoninp is steeredhroughoneof thetwo
functionalunits(f, orf, ) basednthevalueof asinglebit from theincomingbundle. The
resultsfrom the functionalunits are caughtby the multiplexer at the back of the pipeline
and presentean the port out. The pipelinehasno internallatchesand so the multiplexer
neednot arbitratebetweenfunctionalunitsasonly one canbe active at arny giventime. A
possibleMicropipelineimplementatiorfor this pipelineis shavn in [fig. 3.4] Thetreatment
of therequestandacknavledgeasseparatessignalsandthe useof Select,Call and Merge

elementsnakesthis a typical exampleof a conditionallysteeredandjoined pipelinein the

inp out
" 1 :“E
1

Figure 3.3. An example unbuffered pipeline

Micropipelinestyle.

Thehandsha&circuit for thisexampleis shavnin [fig. 3.5] Themuxprocedurdrom §3.2.2.1
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is usedalongwith three other proceduresachusingthe select commandto produce
moduleswith passveinputs(noneof thesahreeselect scontainsninputchoice however).

Thedmxdemultiplexer procedureouldbedescribedik e this:

-- dmx: Steering  demultiplexer
procedure  dmx (

input | : byte;
output 01, 02 : byte) s
begin
loop
select | then

-- Use top bit of | to choose output
if (I as array 7.0 of bit)[7]

then 02 <- |
else O1 <- |
end
end
end
end

Thebodyof theselect commandncloseshel handsha&. Thel valueis steeredowards
theappropriateutputby theoutputcommunications theif command.Theif command
is implementedwith a Casehandsha& componentwhich closely resembleghe Select
Micropipelinecomponent. After optimisationthedmxproceduras reducedo justthisCase
componenwith its outputrequestappropriatelyconnectedo the outgoingrequest®f O1

andO2. ThemuxproceduressimilarlyreducedluringoptimisatiortoaCallMuxcomponent
which resembleshe Call / multiplexer combinationshavn in the right-handdashedox of

[fig. 3.4]

This shaws that we can producepush orientatedpipeline stageswhich have comparable
implementationso manuallygeneratedesignsisingthe Micropipelinecomponenset. The
optionof includingarbitrarilycomplicatedperationsvithintheselect guardedcommands
(including non select-enclosedommunicationgnd control orientateddescriptionspllows
usto sympatheticallyescribesolutionsnaturalto bothdatadrivenandcontroldrivendesign

styles.
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: T rout
‘ CALL

> out

aout

inp out
— 0 muxC @—»

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 ab : word) is
local variable c : bit

begin
select
athen ¢ = 0
also b then ¢ = 1
end ; -- release a/b, sequentially activate A/B
case c of
0 then A
also 1 then B
end
end

A gatelevelimplementatiorof t_select  involvestheuseof two 1bit datalatchesonein

themultiplexerfor theassignments := 0 andc := 1 andthesecondor thevariablec.

Chapter 3. The Balsa Language 60



3.2. Input choice with select

It isdifficult to performpeep-hol®ptimisationsittheHCleveltoimproveonthiscircuitasthe
inefficieng (thepresencef thesecondinnecessangatch)is associatewith theignoranceof
thestatefulnatureof theimplementatiorof themultiplexer (CallMux) HC. Thelatchwithin
themultiplexer holdsa referenceo theinput port on which the mostrecentcommunication
took place thisreferencevaluedrivestheselectnputsonthedatamultiplexing gates.Asthe
inputsto the multiplexer HC areconstanthe latch contentscould alsobe usedto represent
therelevantinput constant.Thisis especiallyeasyto implementin this caseasthe constants
are0 and1which matchthelatchoutputvaluesO and1 which drive a 2-1multiplexer. With
the multiplexer latch representinghe constanthe variablehandsha& componenbecomes
unnecessaryDual rail signallingmay offer a simple solutionto this optimisationproblem.
For a multiplexer with constaninputsthe costof the dualrail implementations lower than
thatof the singlerail equivalent. No datamultiplexer steeringlatchis requiredand one of
eachof thetwo signallingwiresandconsequentlyalf of the gatesof eachdatapatlbit can

beoptimisedaway.

3.2.3. Implementing selection

Selectionis implementedwith two new handsha& componentsThe DecisionWit andthe
False\ariable. The symbolsfor thesetwo componentgwhich are usedin context in the
implementation®f the muxand combineexamplesin §3.2.2.1and83.2.2.2 areshavn in

[fig. 3.6]

width

write —— ‘g read
v 0..n-1

signal
Figure 3.6. The FalseVariable and DecisionWait component symbols

3.2.3.1. The DecisionW ait handshake component

The DecisionWait componenhasan activationport,n passve handsha& portsandn active

handsha& ports. On receiptof the activation anda requeston one of the passve ports,a
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requesis raisedof theactive port correspondingo thatpassve port. Theacknavliedgeand
synchronisedeturnto zeroon theactive, passve andactivationportscontinuesn sequence.

Decision\Wait hasthebehaiour:

#[ > :[inp, :out, |
inp, out | ... |
inpn_l out

1]

A DecisionWit with asinglepassve inp andasingleactive out portis equialentto a Synch
componenfa JOIN in the Tangramcomponentet). With morethanonepassve/actve port
theDecision\Wait performsanunarbitrateathoicebetweertherequest®n oneof thepassie

portsleadingto arequesbnthecorrespondin@ctive port.

Theimplementatiorof Decision\ait neednotenforcemutualexclusiononitsinputinp ports.
This mutualexclusionmustbe enforcedby the environment. Also notethatthe expression
> :inp_ :out specifiesthe enclosureof a passve communication(inp ) within another
passve communication( > ). Suchan enclosurds subjectto input reordering(wherethe
orderof a sequencef inputscannotbe distinguishedecausef the assumptiorof delay
insensitvity) andsowhatmayseento suggesthesequencingf activationandinp handshak

doesjn fact,allow eitherof thebehaiours: > ; inpmr orinp_; o .

In implementationa DecisionWit consistsof a one dimensionaldecisionwait [32] and a

meige. Thedecisionwait restrictshiscomponento atbesta QDI implementation.

3.2.3.2. The FalseVariab le handshake component

TheFalse\ariableresembles normalVariablewith onepassve write portanda numberof
passve readports,it differshowever in the presencef anactive ‘probe’ port: signal. The

behaiour of the False\ariableis:
#[write : (signal || command]

Signalindicatesarrival of a write, this signalshouldactivatethe circuit which hasaccesgo

the readportswhich will thereforeonly attemptreadsduringthe periodwhendatais valid
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onwrite. Thisrestrictionbreaksoneof the cardinalrulesin the constructionof handsha&
componentghatof portindependenceThiscanbeseeno beanacceptablsacrificeasthe
useof theFalse\ariablebythecompilerensuresheenclosuref all readsvithin thecommand

connectedo thesignalport.

A communicatioron the signalport of the False\ariablewill ultimately form part of the
activationof theguardeccommandor whichtheFalse\ariableSwrite portcommunicatiorns
aguard. Thiscommunicatioronsignalwill thenencloseheactivationof thecommand.This
enclosureensureghatthe readportsof the False\ariableareonly accesseduringthe data
valid periodof thewrite portcommunicatior(as:write : signal : > with accesse®
thereadportsonly within thecommandodythisimplieswrite : signal : #?[read), #? here

looselymeansanindeterminateaumberof repetitions).

This input-signal-encloses-actidmehaiour allows descriptionsof Micropipeline like (or
moregenerallypush latchfreebehaiour) circuitswithoutexplicit inputlatchego bewritten
in Balsafor compilationinto handshak circuits. The latch free implementationof the
False\ariableisaconsequencef handsha&enclosureln thosecasesvherethedatavalidity
periodsof the write, readand signal may be overlappedpurely by the interconnectiorof

signallingwires,the False\ariablesimplementations simply thosewires.

3.2.3.3. Arbitration

The two way arbiter forms the third componentusedsolely in the implementatiorof the
arbitratedform of select : arbitrate . This componentis just a corventional four
phasearbiterwith mutualexclusionguaranteedcrosshewholeinputhandsha&. Two way
arbitrationis achievzed by useof the arbitrate ... end constructin placeof select

... end. The arbiteris placedbetweenthe False\ariablesor nonputinputs of the guard
channelsandthe passie portsof the two way Decision\Wit. arbitrate could possibly
be extendedto allow morethantwo guardsbut asthe implementatiortechnologycurrently
only includestwo way arbitersa restrictionto two guardswasfelt to be reasonable Also
for themajority of guardcountsgreaterthantwo thearbitrationtreewhichwould have to be
built would of its naturebe unbalancedt may be better thereforeto force the designerto

nesttwo arbitrationsat the languagdevel in orderto achieve the desiredarbiterbalancing.
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Multi-way (esp.3 and4 way) monolithicarbiterscanbe constructedi3] which have n stable
states.Thereislittle practicalexperiencewith suchdevicesalthoughin theoryandsimulation

they appeatpromising.

3.2.3.4. Compiling select

Theselect commandscompiledintoacircuitfragmentwhichhasits activationconnected
to a DecisionWait componensactivation. This Decision\Wait senesasthemaskpreventing
the selectionfrom beingfired whilst the commandis inactive. Eachof the passie inputs
is connectedo a Synch-joinednonputsignalformedfrom the channelf a singleguard.
For input communicationsvhich carry datathis nonputsignalis the signal port output of
a False\ariableconnectedo that input channel. Eachof the active outputsof the DW is
connectedo the activation of the commandassociatedvith the correspondingassve port
guardinput,thebodyof thiscommandnayaccesshevalueon eachof itsguardchannelwia

thereadportsontherespectie False\ariable.

The generalcompilationapproachfor Balsaselect statementganbe seenin the dual,
two-channel-guardegkample[fig. 3.71 Herethechannekets{a, b} and{c, d} guardthetwo
command# andB respectiely. Onreceiptof therequests$or all thechannel$n oneor other

guardset,theappropriat&eommands activated.

select a,b then A
also c,dthen B
end

Figure 3.7. The form of a compiled select command

Chapter 3. The Balsa Language 64



3.2. Input choice with select

The False\ariablecomponentsllow the incomingdataon the guardchanneto bereadby
theguardeccommandanindefinitenumberof times. Thisdoesotimply latchingof thedata
but simply the enclosureof the guardedccommandsctivationin the handsha&on the write
portof thecomponent.Thisisachiezedby usingtheactive signaloutputof theFalse\ariable
to signalthe validity of dataon the write port. The channelconnectedo the signalportis
combinedwith othersignalchannelandfilteredby the DecisionWaitto produceheguarded
commands activation. In the samemannerthat the communicationgnadeby the guarded
commandareenclosedn thatcommands activation,the accessesadeby the commando
the False\ariables readportsareenclosedn the signalhandsha& and sowithin the write

handsha&. Theimplementatiorof the False\ariableis describedn §85.1.1.3

The PushSynclcomponentsafter the False\ariablescombinethe guard channelsignals
to producea singleactivation signalfor the guardedccommand.The compilerwill disallov
attemptgo useguardchanneketswhich arenotdisjoint (e.g.{a, b}, {b, c} in [fig. 3.7) asthe
operationof suchselectionwould not be delay-insensitie underall input orderings. For
the previousexample: channekequesibrderingsof b ; c or b ; awould imply theinitiation
of a handsha& on the JOIN componentombiningthe {a, b} signalsandalsothe JOIN for
the{b, c} guardset. Onceinitiated oneor otherof thesehandsha&scould not beretracted
withoutremovingtherelevantrequesaindsobreakinghesignallingprotocolonthatchannel.

Enforcingdisjointguardsetsis thereforea language-leel requirement.

In thecasewheretheselect commanddoesnot requireselectve activation,mostnotably
intheformloop select ...end end wheretheselectisindefinitelyrepeatedndthat
repeates activationis connectedby meanf a director Fork’ed connection}o the global
activation(ie.thecircuitreset)theDecisionWitcomponentanbeomitted. Thisremovesthe
RepeatetheDecisionV\aitandalsoallowsFalse\ariable/ Fetch(transferrergombination$o
beoptimisedaway (thisis explainedin 85.4). In thisfashionthedesignecanmake useof the
pushhandsha& componentsuchasthe CallMux (Push/ multiplexing mixer)directly. This
optimisatiorandanumbetrof othergpossibldor speciatase®f theselect implementation

areoutlinedin 85.4

theseareJoIN componentin the TangranmHC set
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3.3. Chapter summary

Theadditionof communicatiorenclosednput selections themajorcontritutionthatBalsa
hasto make to the descriptve abilitiesof Tangram. An implementatiorhasbeendetailed
for sucha selectionmechanisnmalongwith description®f the nev handshak& components
requiredo achievethisimplementation Gatelevelimplementationsf thesecomponentare

givenin 85.3

Enclosedselectionallows the descriptionof datadriven circuitswithout the needfor input
communicationtoterminaten avariable. Themary portednonsynchronisedeadgossible
duringan enclosednput make this form of communicatiorappeaiust like a variableread
to the enclosedccommand.In this way the simple‘variableterminatedhatureof Tangram
expressiongs presered andif so desiredthe control pathsof entire expressionsan be
removedandreplacedy amatchedlelay TheFalse\ariablecomponengetsits namefrom

this ability to mimic a variable. The DecisionWit is introducedo allow there-inclusionof

theactivationchannekoallowingselect command$obeusedn thesamecontextsasother

Balsacommands.

TheBalsacase commandalsodifferssubstantiallyfrom its TangramcounterpartA single

guardmaymatchmorethanonevalueof theguardexpression.For example:

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

If aisavariableof type2 bits thenthiscommandwill executecommandA whena is
eitherOor2. Thecommand will beexecutedor guardexpressiorvaluesof 1or 3. A similar

Tangramcommandvould look lik e this:

case ais O then A
or 1 then B

or 2 then A

or 3 then B

end
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Herethe commandsA and B are eachrepeatedmplying that two copiesof eachwill be
placedduringcompilation. Evenif A andB aresimply callsto sharedporocedureshecostof
a Call components incurredfor eachcall made. An implementatiorof thisfour way case

commandwill thereforegenerateat leastthree TangramCASE componentandtwo Call

componentgTangramMIX components).

TheBalsaexamplegivenaborveisnotsoexpensve. OnlyasingleCasecomponenandnoCall
componentarerequired. The choiceof sharedorocedureA andB is madein the decoding
logic within the Casecommand.In this casethe Casecommands ‘specification’parameter
will codefor an XOR gate. A gatelevel implementatiorfor the Casecommands givenin
85.1.1.4
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Chapter 4. Compiling Balsa to
Handshake Circuits

Thischaptedescribegracticalconsiderations theimplementatiorof atheBalsacompiler
balsa-c.Thesancludeadescriptiorof someof theinternalformsusedwithin balsa-auring
theproductiorof aBreeze.VanBerkel'sTangrancompilationfunction(asdescribedn §2.4
isfleshedbutto supportheadditionof passveinputports,compositaypeddata(recordsand

arrays)andtheuseof sharedprocedures.

Theplaceof the balsa-acompilerin a synthesisandsimulationsystemandthetoolsusedto

producebalsa-andassociatetbolsaredescribed

4.1. Balsa design flow

Balsa description

U

alsa-c

breeze2dot <:| Breeze description :> breeze2lard

PostScript HC graph breeze2gates LARD behavioural description

o

al Tl

Structural Verilog

-

Cadence P&R

U

P&R’ed layout
Figure 4.1. Balsa design flow

The Balsasystemconsistsof a numberof toolswhich fit togetherin the mannershavn in
[fig. 4.1] (nameDf toolsaregivenin boldtext). Thecompilationof a Balsadescriptionnto a
gatelevel descriptioris shavn in thecentralcolumnof thefigure,thecompilationconsistof

threesteps:

68



4.1. Balsa design flow

1. Balsa - Breezecompilation with balsa-c

The balsa-ccompiler produceshandshag circuits from the input Balsadescriptions.
Thecircuitsareexpressedn the BreezeintermediatdanguaggBreezewasintroduced
in 82.2asa Balsa-syntax-compatibimeansof describingparameterisableandsha&

componenport structuresthelanguages furtherexplainedin §85.2.
2. Breeze-, gatelevel netlist mapping with breeze2gates

Thehandsha& circuit describedn aninput Breezefile is transformednto a gatelevel
netlist (specificallya structural-\érilog netlist of standardcells). breeze2gtessenes

two functions:

1. Producingspecificmplementationsf parameterisedandsha&componentfrom
asetof productionrulesby breeze2gtes. Thisinvolvesinteractionwith thetarget
CAD systemto determinewhich of thesecomponentslreadyexistsin that CAD

systemslesigndatabase.

2. Compositionof a netlist of thoseparameterisedells expandingout the channel

interfacednto individual requestacknavledgeanddatasignals.

The tool is implementedin Perl [30] in order to allow rapid developmentof new
productionrulesfor nev handsha& components.The implementatiorof the current

(prototype)reeze2gtess outlinedin 85.3
3. Gatelevelnetlist - finishedsilicon with Cadence

The CadenceDesignFramavork 1l is usedasthe target CAD platform for the netlist
producedy breeze2gtes. Gatelevel simulationandfinal silicon productionis carried

outwithin Cadence.

Two othertools make up the remainderof the Balsasystembreeze2dotind breezeZ2lard.
breeze2dotproducesgraphical printouts of Breezehandshak circuits and is useful in

delugging handsha& circuit production and optimisation whilst modifying balsa-c.
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breeze2lardtransforms Breeze netlists into the LARD modelling languageto allow
behaiouralsimulationusinghandsha&componenbehaiouralmodelsxpressedh aLARD

plug-inlibrary. breeze2lards examinedin moredetailin 85.5

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

Thebalsa-dool is a singlepasscompilerwrittenin C usingthe KarlsruheCompilerToolkit
[25] andthe GNU Multi-precision Arithmetic library [37]. The lexical analyserand parser
areautomaticallygeneratedby the Karlsruhetoolsrex andlalr from aninput descriptionin
a similar mannerto the UNIX toolslex andyacc. Thetoolkit wasusedin the productionof
balsa-dn preferencéothemorecommonUNIX toolsbecausef itsgenerategarsergreater
speedautomaticparsererror recovery and integratedtools for the productionof attribute
grammaievaluators.TheGNU Multi-precisionArithmeticlibrary (libgmp)is usedwithin the
compilerto supportthe arbitraryprecisionconstantgandthe constanfolding optimisation)

requiredby Balsa.

The compilertakesvalid Balsadescriptionsasinput, generatesn internal parsetree and
performsa single directedwalk of that tree to generatehandsha& circuits directly by

performinganextendedform of the Tangramcompilationfunction.

TheKarlsruheabstracsyntaxtreegeneratingool ast[27] andtheattributegrammaisevaluator
generatingool ag [26] areusedto produceanorderedattribute grammarevaluatorfor Balsa
which mirrorsthe structureof the compilationfunction. The compilationof a [dommand[]
is a goodexampleof the useof this evaluator The attribute grammarevaluationfor each
commandcombinesthe sub-commandgand expressions’attributes (e.g. the sequential
commandA ; B combinegheattributesfor A andB) to produceattributeswhich arepassed
backup the parsetree. Someof the attributesrelevantto command(and also expression)

compilationare:
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context
The (orderedpackageof boundidentifiersat this pointin thedescription. The context
ispassediown theparsdreetowardstheprimitivecommandgexpressionattheleaves.

The contet includesvariable,internalchannel externalport, constantprocedureand
typedeclarationinformation.

attributes

The packageof attributespassedack up the parsetreeto be combinedin enclosing

(closerto thetreeroot) nodes. Theattributescontain:

accesses
The list of accesgatternson variablesand channelsvhich exist at this point in the
program. Channelaccessefor commandsre combinedwhilst descendinghe parse
tree,variableaccessearepooleduntil the top of the enclosingcommand expression
block is met on the journgy back up the tree. In the terminology of the Tangram
compilationfunction the accessearethe alphabetstructurefor a given expressionor
command.Eachaccesgontainsareferencdo aWire (theinternalrepresentationf a

connectinghandsha&channelwhich actsasaread/ write portontothatresource.

components

A list of handsha&components$o beplacedfor thiscommand expression.

wires
The combinedlist of all Wire s usedby componentandaccessesEachwire in this
list will have exactly two referencesnadeto it in oneof the combinationsireference
in a componenind1in anacces®r 2 referencesn a componenbr 1 referencan a
componenandlin theactvation. Wheretwo referencesvithin thecomponentist are

madethisWire isinternaltothecommand.

value (expressionsnly)

TheTypeandnumericvalue(iff thisexpressions manifestlyconstantpf theexpression.

A Typereferencederemustbeanelemenbf thecurrentcontext

activation (command®nly)

A referencedo theactivationWire for thiscommand.
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permanent (commandsnly)
A booleantrueiff the commandnever returnsan acknavledgemenbn its activation.
Knowledge of the permanenceof commandsallows selectve optimisationof the

componentsisedto implementactivationcombiningoperations.

Thecompilationof acommandransformsontext andcommandattributesinto areturn
attributes set. Thesamdransformatiorccurdor expressiongheserecombinedwith
commandgsuchasoutputcommunicatioror assignmentommandsjo form asinglereturn
commandattributes set. Thecompilationof a proceduras brokeninto five operations

(whichareshawn in their relevantabstracsyntactigpositionsn [fig. 4.2)):

1. Gatheringof port attributesinto anincomingcontext (which is combinedwith the

context fromthescopdevel abovetheprocedure).

2. Processingof local declarations. These combine with the context createdby

processingheportsto form aninputcontext  for theprocedur&eommand.
3. Processingf thelocalcommandproducingaresultanteturnattributes set.

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

channelsn thelocaldeclarations.

5. Connectionof danglingport Wires to port instancescheckingand creationof the

Procedurebjectfor insertioninto the subsequendeclarationsincomingcontext

Thissequencef operationsormsanorderedevaluationmechanisnfior theattributegrammar
whichmodelgheoperatiorof the Tangramcompilationfunctionin animpemtivefashion(as

opposedo thedeclaratve form in whichthemechanisms presenteds)).

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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attributes context Term type:

FormalPorts

Procedure

------ ]Decls

Block

[ .......... @ ............. ] ]COmmand

Figure 4.2. Procedure compilation in the balsa-c attribute grammar evaluator

presenin Balsawhich arenot presenin Tangramasdescribedn §2.3

Thecompilationof thebasiccommandsginput,output,assignment..) arebasicallythesame
as Tangrambut with the addition of Balsaspecifictype information. Balsahasadditional
typesto Tangramandalsosupportsioimplicit type-castsFor anoutputcommanda <- b,

channel musthave thesametypeastheexpressiorb for thiscommando bevalid.

Theiterative andchoicecommand®f Tangramareall presenin Balsaalbeitwith different
namesandsyntayes( [tab. 3.1] compareshe commoncommand®f thetwo languages.The
syntaxof Balsaisinfluencednostby ModulaandVHDL andassuchthenamesandsyntaes
of Balsacommandgendto resemblesimilar constructsn thoselanguages)Balsaaddsto
theseamoregeneraktase statementheselect inputselectiormechanismandthefor

multiple-placemeniterative directive. In the compilationof [éxpression(s$, Balsaaddsshift
operationsand vectortypeswhich allow bit slicing / extractionand vector constructionin
a similar mannerto recordconstruction.For channeloperationsyectoredchannelsallow
numericallyindexed arraysof independenthanneldo be exploited. Proceduresnay be
sharedbetweersequentiathreadsvherethe handsha& componentsor that procedureare
placedoncebut the proceduras calledfrom severalpointsin the program. Combinationof
the mary activationsproducedoy shareduseof proceduress simplebut someruleson the

useof localchannelsnustbeenforcedo restrictsharingto ‘safe’cases.
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The compilation mechanismdor thesenew behaiours are outlined in the following

sections:

4.3.1. Composite typing — variable placement, arrays and record
type compilation

Each accessto a variable made within a commandor expressionbody is recordedin
the accesses attribute of the attributes packagegeneratedoy that commandor
expression.Theaccesses attributeconsist®f alist of cellsreferringto variableschannels
andportswhicharein scopéor thiscommanar expression. Thesanstancesmustbepresent
in thecontext of thiscommand.Eachelementof theaccesses list refersto a single

instanceandhasa differentformatfor eachinstanceaype.

4.3.1.1. Variable accesses

Variableaccessesamethe variableinvolved,the direction(read/ pull or write / push)of
eachaccesso thatvariable theWire connectedo thevariablein eachaccessthewidth of
theaccessinyVire 2 andtheoffsetwithin thevariableof thezerothbit of theWire for each
accesgthe width and offset attributesactuallybelongto the Wire ratherthanthe access).
Thisis codedasa four elementstructurecontainingalist of readaccesseandalist of write
accessesbit maskmarkingthosebitsof thevariablewhicharereferredo by eachof theread
andwrite accesdists. Thereadandwrite bit masksareusedto determinavhethertheentire

width of thisvariablehasbeencoveredby theaccesses thisaccesses list element.

4.3.1.2. Channel accesses

A channelaccessontainsthe Wire to which the accesgo this channelis connected.The
Wire containsthe push/ pull indication which tells whetherthis is an input or output
communicatioron that channel. Eachchannelaccesonly containsa numberof flagsfor

indicatingwherea channeis involvedin aselectconstruct,whetherthechannels complete

Thetypelnstance s usedin thecodeto referto this classof objects(plusa few othercases)theterminstance
will beloadedwith thismeaningfor theremaindeof thischapter

2Wire swerepreviously definedin §4.2asobjectsusedin the balsa-cattribute grammar EachWire encodeshe
detailsof a Breezechannekonnectinga pair of componentin thetargethandshakcircuit.
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(i.e.hasexactlyonesourceandatleastonesink),theread-onlyvariableinstanceo whichthe

channeis connectedluringa selectoperationandsoon.

4.3.1.3. Accesses to other types of instances

Otherinstanceiclude:ports(which aretreatedn asimilarmannetto channels)sharectall
instance$whicharetokenswhichidentify theactivationportsof localsharegroceduresand

constaninstancegthesenever appeain accesses lists,onlyin context s.)

4.3.1.4. Compiling partial width accesses to variables

Theaccesses list is sortedby the pointervalueof theinstancereferredto (which makes
a goodinstancewise uniquekey). The combinationof accesses lists of sub-commands
whilst compiling a compositecommand (e.g. sequencecommand:A ; B, concurrent
commandA || B) is the implementatiorof the TangramcompilationmechanismMix and

Joinfunctions.

The combinationof channelsunderthe Mix and Join operatorgs similar to the Tangram
compilationfunction exceptfor the typing of channelsandthe handlingof passve input
(select ed)channelsVariableaccessetowever,arenotcombineduntil theattributes

have reachedhe point of variabledeclarationn their trip backup the parsetree. Variable
accesseareaccruedvithin theaccesses list element@&ndareprocesseth batchwhenthe

Variablecomponents placed.

Accesdo avariableneednot necessarilynvolve thewholewidth of thatvariable. Consider

thecodefragment:

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

ca = db

Heretheb elementof d is assignednto thea elementof c. Both elementsnatchin type

(16 bits ) andsotheassignments type conformantalthoughonly half of eachof ¢ and
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d is actuallyaccessedAn accessto thevariablec for thiscommandwvould recorda 16 bit
widepushwire atoffsetO connectedo variablec with awrite accesit maskof 0000FFFE
The d accessvould referto a 16 bit wide pull wire at offset 16 with a readbit maskof
FFFF0000,

On Mix or Join combination,the bit masksof the accesseso commonvariablesin the
accesses lists of thetwo commandsnvolved would be bit-ORedtogether Thus,for a
compositecommandor eitherof thevariablesc or d in theabove example,a completeset
of accesse@vhereall bitsof thevariablearebothwrittenandreadwould have a (readwrite)
bit maskpair of (FFFFFFFE, FFFFFFFE)).

WhenVariablecomponentsireplacedfor eachvariablein thelocaldeclaration®f a [Block[]
the write-accesdist within the accesdor that variableis examinedin orderto identify the
largesthit slicesof thatvariablefor whichonly atomicwritesaremade(e.g.for a9bit variable
which is written astwo 6 bit chunksoffsetat 0 and 3 bits respectiely, we canseethat the
largestatomicallywritten bit slicesare0..2,3..5and6..8 asthe two write accessesverlap
by threebits). Thesewrite accesseareconnectedby a seriesof CallMuxswheremultiple
writesto thesamesliceoccur)to individual VariablecomponentsThereadaccesset® those
componentareconnectedo the(possiblymary) readportsof theVariableswith therequired

splitsandcombinedo producetherequiredwidth of offsetwires.

Usingthissimplemechanisnior handlingpartialvariablereadsandwriteswe canimplement

thefollowing features:

» Partialassignmentndividualarrayor recordelementassignmenfwith aconstantndex

in thecaseof arrayelementassignment).

e Constant indexed array element / slice extraction expressions (e.g.
ArrayVariable[10] andArrayVariable[5..10] )

* Recordelementxtractionexpressionge.g.c.a )

*  Shift operation®nvaluesreaddirectly from variables.

Taccesses elementaretypedasAccess esin thecode,accessheredenotedhistypeof object.
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4.3.1.5. Compiling array accesses with non-constant indices

We cannot,however, implementarray accessegassignmentsr elementextractions)with
non-constanndiceswith thissliceextractionapproactaswe needobeableto makeachoice
of arrayelementbasedon theindex expression.In the caseof arrayelementassignmenan

assignmenis of theform:

AB] = C

whereAisanarraytypedvariable B isanon-constangxpressiorandCis anexpression.This
commandanalwaysberewrittenin theform of acase commandangingovertheindextype
of A. If theindex typeof A (andthereforehetypeof B in theabo/e command)s 2 bits

thenwe have the possiblemplementation:

case B of

0 then A[Q]
also 1 then A[1]
also 2 then A[2]
also 3 then A[3]
end

OO0

This expressiordoes however, containthe right handexpressionC, four times. Giventhat
Cwill beevaluatedirom exactly oneof thecase termsin thiscommandwve canplacethis
expressionust onceandusea CallDemux(pull demultiplexer) to expandout the resultto
eachof the four assignmentommands.Balsa-cimplementsarray elementassignmenin
just this manner A given implementationwill consistof one Casecomponenth Fetch
(transferrertomponentgoneperassignmentigann way CallDemuxanda singleplacement
of theassigneaxpression.In explicit Balsathis canbethoughtof asbeingsimilarto 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 -> AJQ]

also 1 then _C -> A[l]
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 AJ0] = _C
also 1 then A[1] = _C
also 2 then A[2] = _C
also 3 then A[3] = _C
end
end

Neitherof thesetwo command®xactly modelswhatis producedy balsa-din thatneither

will immediatelyresultin the samecircuit) but botharereasonabléunctionalequialents.

Array elementextractionis more difficult, however. In orderto extract an array element
underthe pull controlschemeusedby Balsaexpressionswe mustsequencéhe evaluation
of theindex expressiorandthefetchingof theappropriatarrayelement.Thepull natureof
theactivation/ resultchannelon an expressionimits the waysin which we canimplement
an expressionborneextraction. If a commandcan be substitutedfor the expression(say
by treatingthe expressiorandthe commandof whichit is a partasa compositecommand),
onecouldusea similar form of assignmenasusedin theabose commandgexceptthatthe
constantindexed array elementextractionswould form the right handvaluesof the case
elementassignments).The simplestsolution to this problemwas the introduction of a
specialcomponentor this operation. The CaseFetclfindicatedby the character@Tin the
handsha& componentsymbol) componentis herebyintroduced. CaseFetcthasa single
pull activation/ resultoutputchannebnwhichthechoserelemenis presenteda singlepull
inputchannefrom whichtheindex expressiorresultisreadandn pull inputchannelgachof

whichis connectedo anaccessvire to theappropriateelementof thearray Thebehaiour
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of CaseFetcls:
#[> 1 :(index?;readl]); > | ]

Wheretheread] expressioris asinglereadon oneof thearrayelemenipull inputchannels
using the value readfrom index to select(which in an implementationderived from this

behaiour musthave alatch,for variablel , to hold theindex value)theappropriateort.

4.3.2. Procedure sharing — activ ation and access handling

If we considera simplemicroprocessodescription:

--  processor: A simple fetch then execute processor
procedure  processor is
begin
loop
fetch();
case instructionType of
ALU then executeALU(); incPC()
also LOAD, STOREthen executeMem(); incPC()
also BRANCHthen executeBranch()
end
end
end

Theinstructionisfetchedfetch() ), decodedthecase ),thenexecutedin thebodyof the
case elements).TheprocedurancPC isinvokedtwice in the description(oncefor each
of the ALU andLOAD / STORE operations)this will leadto animplementatiorwith the
handshakcomponentmakingupincPC beingplacedwiceeventhoughthecallstoincPC
aremutuallyexclusie (by virtue of thesequentiaimixing of case elementtcommands)If
asingleinstanceof incPC is placedto whichtwo activationsareconnectedby theinclusion
of a Call componentn theactivationchannelwe cancallincPC from multiple,sequential,
pointsin the programandsave the areacostof oneof theincPC proceduresThiscanbe

achievedin Balsaby useof asharedproceduree.g.:

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

incPC()
end

ThiswoulddeclarencPC assuchasharegrocedureJusttombiningheactivationssourced
from severalpointsin the programis fairly straightforvard. A SharedCalinstanceas added
to theaccessebst for a sharedprocedurecall commandihisis thenresohedat the point of
declaratiorof thesharedrocedureonthejourney backuptheparsetree. Thelocal channel
andvariableaccessemadeby the sharedprocedurdtself presentus with muchmoreof a

problem. Considetthiscase:

local

channel a : word

variable b : word

shared sh is begin a -> b end
begin

a<- 5| shQ) ;

a <- 10 || sh(
end

Herethesharedroceduresh is calledfrom two pointswhicharesequentia{asrequiredyet
themeaningof thechanneh is differentin eachcallingcontext. Localchannelganbeused
in multiple sequentiapointswithin their scopeaseffectively differentchannels. Theabove
exampleis acaséan point,to correctlyplacesh we mustbecapableof associatingheuseof

a within sh for eachcalling context for sh. In generathisis difficult to achieve andsothe

useof sharedproceduress restrictedoy thefollowing rules:

e Sharedproceduresnust not uselocal channeldn their command. This restrictsthe
calling contet to includingonly variableqthe contect of whoseaccesseareinvariant

acrosgheir scopendexternalchannelgi.e. ports,which aresimilarly constrained).

e Sharedprocedureshave no arguments. This removes the needto connectshared

procedure$y local channeldo their environments.

It is believedthattheserulesdo notimposea seriougestrictionon the usefulnesef shared
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procedurebut doallow usto staticallyresole accessontects. Themixing of accessesade
by sharedprocedurecallscannow beachievedby tagginga copy of theproceduresaccesses
list with an‘unplaceableflag. Thisflagcausesll therequiredcheckgo bemadeonchannel
| variableaccescompliancebut doesnot resultin componentdeing placedto combine
accessewith real, placeableaccessesThe accessonnectiongor a sharedprocedureare
madein asimilarfashionto theaccessesnvariablesthatis to say atthepointof declaration
(which now sharesa common(in facta restricted)context with the block command)whilst

working backuptheparseree.

Whilst Tangramincorporatesheideaof sharedorocedures is not clearfrom theliterature
whatusageulesapplyto preventlocalchannefeferenceso ‘shift context’. VanBerkeldoes

notdescribahetreatmenwhich sharedoroceduresecevein hiscompilationschemez2s].
4.3.3. The choice commands - select and case

Theselect commandandits handshakcomponenimplementationvasexaminedn 83.2
Two new handsha& componentsvereintroducedthe False\ariableandthe Decision\\ait).
Here a fourth new ‘choice’ components introduced(the third beingthe CaseFetch)hus
completingthe setof new Balsacomponents.The nev components the Casecomponent,
this differs from the TangramCASE componentwhich performsa choice betweentwo
outputactivation channelson the basisof aninput value (very muchin the mannerof the
Micropipeline Selectcomponent). The Balsa Case,however, has a specificationstring
parameteandarny numberof outputactivationchannels.The specificatiorstringallows us
to specifya setof rangesacrosghe input value (the port structureof Caseis similar to the
TangramCASE exceptingthe numberof outputactivation channelsfor which a particular
outputactiation shouldbe invoked. In this way we candescribecase commandswhich
have anumberof guardconstantgtheLOAD, STOREexamplein the previoussectionis a
goodexample)becauseve candescribemary differentinput patterneingassociatedvith

asingleoutputactiation(whichwill bethecase guardeccommandactivation).

TheCasecomponents usedoimplementboththeif andcase command# Balsa.Where
the guardexpression(spare not accesswiselisjoint from the guardedcommandsa buffer

assemblys introduced(in the sameway thata buffer is introducedfor an auto-assignment
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e.g.a = a or b)todecoupleheguardvalueevaluationfrom thecommandnvocation.

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

A detaileddescriptiorof thestructureandfunctionof breeze2gtess givenin 85.3 Thistool

is usedto produceVerilog netlistsfrom the given Breezenandshak componennetlists.

Theremainingwo toolsareusedn simulationandevaluationof Breezenetlists. Breeze2dot
allowsusto produce(reasonablyeadablehandshag circuit printouts. Thetool dot [5][6] is
usedasthebasiof breeze2dotisagraphlayoutengine.TheBreezanputfile ispreprocessed
into dotformatby a Perlscriptandthenpipedthroughamodifiedversionof dot(whichplaces

theopenandclosedcircuit port symbolson thegraph)producinga postscripoutput.

Breeze2lards usedto produceLARD description®f Balsacircuits. The useandstructure
of breeze2lardk discussedh §5.5

4.5. Chapter summary

Thetoolsandmethoddor implementingoalsa-chave beendescribed.The methodinvolves
an extendedform of the Tangramcompilationfunction to supportthe additionsmadeto
Tangramby Balsa. Of particulamoteis thesimplemannetin whichassignmento andreads
from variablesof compositdaypesareexpressedy theelement®f theaccesses attribute

grammairattribute.

The Mix and Join operatorsof the Tangramcompilationfunction are definedto combine
variablereadsandwriteswhich spanarbitrarybitfieldsof local variables.In thisway record

elemeniextraction,arrayindexing andarbitrarytype castscanbeaccommodated.

Thisapproactdoeshave its disadwantages Considerthe expression:

{c, d, e, f}b]

Chapter 4. Compiling Balsa to Handshake Circuits 82



4.5. Chapter summary

Hereanarrayis constructedrom thecontent®f thevariablex, d, e andf . Thisarrayisthen
indexedbythecontent®f variableb. If thearrayhadbeenconstructedrom partsof thesame
variablethentheindexing couldbeimplementedy slicingthatvariablein thewaydescribed
in thischapteffor thetreatmenbf arrayandrecordelemenixtraction. Thisexamplecannot
betreatedin the samesimplemannerasthe arrayspansmnultiple variables.To performthe
elementextractionthe arraytypedvaluecomposedf the four variablesnustbe made(by
combiningvariablereadports)andthenslicedinto elementsizedchunks. Thisis necessary

astheleft handsideof thearrayindexing expressiommaybea castexpressionfor example:

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

In thesameway asarbitrarycastsareallowedfor expressionsvhichinvolve singlevariables,
arrayconstructiorexpressiongwith possiblymary variablesmaybe castinto anothettype.
Extendingthearrayelemenextractionmechanisnto allow one-to-onenapping®f variable
readsto indiceswould be sufficientto handlethe four variableexamplegivenabove. This
extensionwould not work wheretheleft hand(arraytyped)expressiormay betheresultof

atypecast. Usingaone-to-onanappingof variablesof thepreviousfour variableexample

to optimisefor anarrayconstructiorleft handsidewill notwork with a castleft handside.

As aresultof thecompleity of multi-variableleft handsidesBalsarestrictsheuseof array

elemeniextractionto constantandsinglevariableleft handsides.
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Implementations and
Simulation

This chapterwill discussthe processof transforminga handsha& circuit description

(in Breeze)into standard-cellogic along with the associategproblemsof speed/ area

optimisationand simulation. Many of the topicsdiscussecdereare not currentlyfeatures

of theBalsasystemandin partthischaptersenesasa view of futuredirections(thethreads

of which are broughttogetherin 87.4 andjustificationof approach.The chapterbreaks

down into:

1.

Gatelevel implementation®f handsha& components.Implementation®f the new
componentdralse\ariable,DecisionWait, Caseand CaseFetchare given along with
commentaryon the specificationand implementationof other slightly modified,

components.

Theprototypeback-end’ breeze2gtes.Writtenin Perl thisscriptisthecurrentbasisor
thetestback-endf Balsa. Thebreeze2gtegprogramsenesasbothahandsha&circuit
netlistcreator(netlistin the CAD native formatthatis) anda parameterisingnginefor

generatindhandsha& componentmplementations.

Optimisationathandsha&circuitandgatelevels,concentratingn optimisation®f the

select command.

Simulation with LARD. LARD is an asynchronouscircuit modelling language
developedwithin the AMULET researchgroup to fulfill a needfor a behaioural
modelling platform to replacethe proprietarytool asim (which was usedin the
developmeniof AMULET?2). LARD hasbeensuccessfullemplo/edin themodelling
of AMULET3. Here it senes as a mechanismfor performing handsha& circuit
level simulationsof Balsasynthesisediesignstransformednto LARD by the tool

breeze2lard.
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5.1. Implementations of handshake components

Thetargettechnologyfor handsha&componenimplementatiorin thisthesiswill bethegate

level netlist. Thesetof gatesavailableincludes:

*  Corventionalcombinationallogic gates:AND, OR, invert, XOR and also comple&

combinationafjatessuchasAND-OR-inverts.

«  Corventionallatch andflip-flop elementstransparentatches.edgetriggeredlatches,
RSflip-flops.

*  Specific'asynchronousgates:symmetric/ asymmetricC-elementsmutual exclusion

elements.

*  Compositescommon gate combinations:S-elementsmultiplexers, demultiplecers.

Thesemaybeeithertransistodevel, singlecellsor combination®f gates.

A gatelevel netlistcanbesubmittedo acommercialCAD systentor generatiorof thefinal
(placedandrouted)design. Herethe CadenceCAD framawork is usedto producestandard
cell implementationsisinga lum cell library developedas part of the EXACT project.
This routewasthat employed by the work of EXACT at The University of Manchestein
the single-railhandsha& componenHybrid DesignEnvironment[8]. In the placemenbf
cellsfor single-railhandsha& componentstiming relationshipsbetweensignalswere not
considerechspartof thehybrid back-end.Gatedelaysensuredorrectbehaiour of control
circuits (which could, therefore be consideredo be of a speed-independeli§l) nature)
with databundling dependingon the insertionof delaysin the control path (or datapath
generatedompletionsignalling)to meetcontrol— datatiming constraints.This approach
is not altogethersatishctory;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 necessaryo ensurecorrectbehaiour.
The implementationgjiven in the remainderof this sectionfollow the modelusedby the

hybrid ervironment.
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5.1.1. Contr ol components

The Balsacomponentset contains12 control componentsthoseborroved from Tangram
shown in [tab 2.4] andthe False\ariableand Decision\Vait componentsien to Balsawhose
usein the compilationof select is explainedin 83.2 Of thesethreecomponentsare
identicaltotheirTangramequivalentsLoop(whichisaTangranREPcomponentherepeater)
, Repeat(which activatesthe circuit connectedo its active nonputport a fixed numberof
times,specifiedoy oneof thecomponens parameterdgpr eachactivationof thecomponent,
Repeatis the TangramcomponentCOUNT usedin the implementationof Tangramfor
do ... od loops)andFetch(TFR, the transferrer).The remainingcomponentgliffer in the

following ways:

5.1.1.1. Multiwa y components — Concur and Sequence

Concur and Sequenceare the TangramcomponentsSEQ (the sequencerpnd PAR (the
concursor). Within the Tangramcomponentset thesecomponenthave a single passve
nonputactivation port andtwo active nonput(outgoingactiation) portsimplementingtwo
way concursingandsequencing.The extensionof this two way behaiour to createn way
(wheren > 2) sequencerandconcursorganbeimplementeckitherby the combinationof
small(2 or even3or 4 way)componentsr by synthesi®f acustomcontrollerfor therequired
numberof outputactivations.In combiningsmallercomponentbalancedreescanbebuilt to
replaceheunbalancedbinarytreescreatedoy simplisticcompilation thisandtheadwantage
of theimprovedclarity of theBreezedescriptiorof a givencontrolstructuremake multiwvay

componentadvantageous.

The synthesisof specificcontrollersfor n way control componentdasbeenpreviously
explored [2]. The combinationof sequencingand concursinginto a single control tree
(whichmayalsoincludeotherchoice-lesgontrolsuchasthatprovided by Loop andRepeat
componentsganalsobe synthesisedo producea singlemonolithiccontroller[31] [38]. The
area/ speedadwantagef sucha (signallevel) synthesisedolutionshouldbe contrasted
with the increasediming difficulties introducedby the (typically speed-independengate
level implementationsourcedoy suchcompilers(especiallywheretheinternalhandshags,

presenin a compositionahandsha& componentontroltreeimplementationarereplaced
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by control sequencing).Within a compositionalapproachspeed-independetiehaiours
(andalsoQDlI, bundlingconstraintndmoretime dependentiming modelbasedehaiours)
canbelocalisedby thehanddesignandanalysisof handsha& componentmplementations.
The potentialto control the degree of gate level optimisationis also an advantageof a
compositionalapproachover a synthesisapproach.A simplistic approachto gate level

optimisationcandestrg timing constraintsequiredof synthesiapproaches.

For the purposeof the prototypeback-endthesemultiwvay componentsare implemented
by balancedreesof S-elementfor sequencingndFork andS-element’eadonnectorgearly

enclosingwide protocoladapterfor concursors.

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

While and WhileElse are the top level control componentsassociatedvith the while
command.They aresimilarto the TangranDO componenandhave identicalportstructures
exceptfor theadditionof a passve nonputportin the caseof WhileElse for the connection
of an‘else’termcommand.TheWhile componengathersaguardvaluefrom anactiveinput
port connectedo eithera guardcommandor expandedoy the Bar componentexecuteghe
guardedccommandoy signallingon anactive nonputport actvateOutf theguardvaluewas
1 (true). This behaiour is enclosedy an activation handsha& andwill repeatwithin the
activationhandsha,for aslongastheguardholds(remainsone). Onthefailureof theguard
the While componenwill returnan acknaviedgemenion the componens actiation,the
WhileElsecomponentill executehecommandaonnectedioitselseActvateportthenrepeat

(neverreturninganacknavledgement).Symbolically:

Whilg( >, guad, activateOuj.

#[ > :guad?G; #[G - activateOutguad?G | -G - skip I*
WhileEls€ > , guard, thenActivateelseActivate

> :#[guad?G; [G - thenActivate| -G - elseActivat§

Thebehaiour of theWhileElsecomponentiffersfrom theWhile (or DO) componenin that

theactivationacknavledgements never sent WhileElsedoesnot terminateandsono outer

G in theWhile behaiour refersto a variablewhichis assignedrom the communicatiorguard ?G.
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unboundedepetitionloopis required.

TheBarcomponents similarto the TangranmBAR component.lt senesto expandthesingle
guardcapabilityof While and WhileElseto a numberof guard/ commandchoices. The
Tangramtwo way BAR commandmustbe combinedinto a treeto implementdo loopsof
two or moreguards. The Balsacomponentgancombineall guardsin a singlecomponent
soreducingor atworstkeepingthesameareaoverheadf theBAR treebut with lessreliance
on gatelevel optimisation. Thisis achiezed by localisingthe guard-choiceriority encoder
into a single componenillowing threeand four input gates(and regular structures}o be
betterexploited. Thenon-determinisnof thechoiceof commando executewheremultiple
guardsarefoundto betrueis purelyanartifactof theformalsemantic®f guardedchoice,in
implementatiorthe choiceis madein a prioritisedway, oneof thetwo commandgonnected

to theBAR beingfavouredwherebothguardsbecomerue.

The port structureof Bar takesn active 1 bit guardinputs(eachassociatedvith an active
nonputcommandactivation)andmapsto a singlepassve guardoutputanda passve nonput,
incomingcommandactivation. The behaiour of the componenis similar to the Tangram
part. Thenguardsaregatherednto asingleguardby alargeORtree thatguardisreturnedo
theervironmentthroughthesinglepassie guardport. Theervironmentwill choosevhether
or not to actvatethe associate@dommand- if it choosedo activatethe commandthe Bar
componentwill receve a nonputcommunicatioron > . Thiscommunicatiorieadsthe Bar
componento activateoneof the commandsonnectedo a port within the nonputarrayed

portactivateOufor whichtherespectre guardwaspreviously foundto betrue.

The Bar functionality could easilybe combinedinto the While andWhileElsecomponents.
Thisis not doneasthe majority of while loopshave only a singleguardandsotheadded
complity of a multi-guardedwhile would rarely be used. The multiway Bar component
alsofindsapplicationsvith theCasecomponentwhichisusedoimplementheif command
in Balsa. Providing Bar functionality within While would alsorequirethis functionality to
beaddedto anlf component.As noIf components necessaryith separat€€aseandBar

componentshis guardtreefunctionalityis bestkeptseparate Bar'sbehaiour is:

Bar(>,guad, activateOuf , guadinput, ).
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#[ 1
> :[G=0 - activateOuf | ... | G=n-1 - activateOuf] |

guad : [[guadinput : ... : guadinput :
[G = chooséguardinput, ) ||
guad := [{guadinput, ..., guardinput, }1]]
11

Guardcollectionandthe executionof a guardedcommandaresequencetly the arbitrating
actionof thecommunicatiorchoice[ > | guard]. Thefunctionchoosedecidingwhich of
thecommandshouldbe executedn the eventof theactivationbeingreceved. Thisguard

; commandsequencings not sufficientto copewith the Caseimplementedf statement,
however. Consideffig. 5.1} apairof guardiSlandG2 whicharecompatiblen theiraccesse®
command€, andC, arecombinedby aBarcomponenandtransferreontotheinputport of
aCasecomponent.TheCasecomponentill choosevhich of thetwo commandso execute
basednthatguard(wheretheguardis 0, the Continuecomponents actvatedandsotheif

commanderminatesteturningthe acknaviedgementhroughthe Fetchcomponent).

Figure 5.1. Anif command implemented using Case

Theinputto a Casecomponentnustenclosets actve nonputcommunicationgin thiscase
thecommandsandsoit canbeseerthattheguardcommunicatiorof theBarcomponentill

not be completebeforethe possiblearrival of a communicatioron the activateport. Guard
expressiorcommunicatiormandcommandactivationmustbeallowedto overlap. Themutual
exclusionof guardgatheringandcommandactivationformedby thecommunicatiorchoice

canbeseerto actin themanner:

#[guad; > ]
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if it is assumedhatthe guardis true andsoactwvationis signalled. The parallelismof this
expressioncanbe increasedy eithermakingthe two communicationgully parallelor by

allowing oneto partially overlapthe other

Parallelactions: #[guad || >]

Partialoverlapping: #[guad 1 ;[ ||guad ¢ ]]

Both of thesebehaioursstill allow the completeenvironmentalsequencingf guardand
activation. Thepartialoverlappingof guardandactivationhasthe advantagethattheguard
choicevariable (G) is guaranteedo have beenwritten (as part of the action which the
communicatiorguard 1 hererepresentd)eforetheactivationcanbeactedupon. In practice
theervironmentwill alwaysenforcethis constrainttself (asthe guardvaluemustreachthe
ervironmentbeforea choiceasto whetherthecommands activatedis made)andsothefully
paralleldescriptionshavs similar merit. Whencombinedin the completedescriptionthe
partialoverlappingoehaiour is difficult to expressaasthecommunicatiorguardfor activation

mustrunin parallelwith theguardreturnto zero. Thiscouldbeexpressed:

Bar(>,guad, activateOuf , guadinput, ).

# [
[[> :[G=0 - activateOuf | ... | G=n-1 - activateOut]]
;[guadinput ¢ :guadinput | :...:guadinput ] |
guadinput t :[[guadinput t :...:guadinput 1

[G = choosgguardinput, ) ||
guadInput ;= D{guardlnputl, ..., guadinput }]]

1]

The fully parallel descriptioncan be expressedas two separatehreadscommunicating
via a sharedvariableG. Disjunctionof readandwrite accessesn G areenforcedby the

ervironmentalkequencingf guadinput 1 ; >.

Bar( >, guardinput, activateOuf , guardinput, ).
#[> :[G=0 - activateOuf | ... | G=n-1 - activateOuf]] ||
#[guadinput : [[guadinput : ... : guadinput]; [G := choosgguardinput, ) |
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guardinput := [ fguadinput, ..., guardinput }]]]

5.1.1.3. New components — FalseVariable and DecisionW ait

Thebiggestdifferencedetweercontrolstructuresrom Tangranto Balsaaretheadditionof
theenclosingselect andtheextendedcase commands.Theusesandhandsha& circuit
implementation®f both commandsvereoutlinedin 83.2and 84.3.3introducingtwo new
componentsor select implementatior{False\ariableand Decision\it) anda modified

Casecomponentor implementingBalsacase commands.

The one-dimensionatecisionwait componentwhich forms the heartof the handsha&
componenDecisionWaitisthatdescribedy Josephfs2]. Decisionwait actsasaneventfilter
connectingh inputsignalsto n outputsignalsby way of arankof two input C-elementgach
with oneinput connectedo aninput signalandthe otherconnectedo a commonactivation
signal. A two way (or 2 x 1waywherethecomponents consideredo betwo-dimensional)
decisionwait is shavn in [fig. 5.2] with a symbolandgatelevel implementation.Theforking
of the commonactivation symbolshouldbeisochronicin orderto allow eachof the inputs
of the C-elementdo be ‘cancelled'whenthe activationis remosed. On assertiorof oneof
then inputsandtheactwvation(in eitherorder),thecorrespondin@utputwill becomeactive.
Removal of bothinputandactivationwill lowertheoutputsignal. Thisbehaiour allowsthe
introductionof anactivationsynchronisedlter in thepathsof anumberof disjointincoming

signals.

‘ a a

it— (O—+ ot . .H} ol
i2— (Ot o2 i2 } o2

Figure 5.2. A two way decision wait

The DecisionWait consistsof ann way decisionwait andann way OR gate. The requests

from input passve ports are directedtowardsthe output actve port requestghroughthe
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decisionwait. Eachacknavledgementrom the outputportsis forkedandsentseparatelyo
theacknavledgemenbf thepassve portandto oneof theinputsof theOR gatewhichin turn
leadsto the acknavledgemenbn the activation port. Theactivationrequesis connectedo
thedecisionwaitactivation. Thisimplementatioms shavnin [fig. 5.3] Onlythoseforkswithin
thedecisionwait have a timing requirementthe acknavledgemenforks areuntimedasthe
active port requestwill only changeafter both acknavledgementand passie port requests

have beenremoved.

TheFalse\ariablecomponents introducedo allow anumberof readsrom aninputchannel
to be enclosedwithin a singlecommunicatioron that channel. This creategshe read-only
variablebehaiour of channelsvithin select guardeccommunicatiorcommandsWhere
the datavalid period of the incoming channels communicationis the sameor is longer
thanthatof the controlandvariable-readchannelsvithin the guardedccommandsuchasa
broadinput channelpbroadcontrolandreducedbroadvariable-readsthe False\ariablecan
be implementedwith only delay matchingelements.No input latch or controlinteraction
betweervariablereadsandtheinputchanneis necessaryTheenclosuref readswithin the
inputcommunications enforcedy theervironmentandthecompilationschemesderivation
of the guardedcommands activation from the output signal port on the False\ariable
component.Sucha zerocostFalse\ariableis shavn in [fig. 5.31 Whereprotocolsdiffer, the
enclosureanusuallybecreatedy theinsertionof a protocoladaptefsuchasanS-element)

in theactivationpathasshown in [fig. 5.3]

out

read inp
0..n-1 0..n-1

T T T o
o
>
=

[ e T

A protocol adapter can
be inserted here if necessary

signal

5x1 decision wait

FalseVariable DecisionWait

Figure 5.3. Gate level implementations of FalseVariable and DecisionWait
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5.1.1.4. The modified case component — Case

The TangramCASE componengllows aninput communicatiorto initiate a communication
on oneof two outputports. Thechoiceof outputportis madeby themostsignificantbit of
theincomingcommunicationthe remainderof thatcommunicatiors valueis passedlong

theoutputport.

Treesof CASE componentganbe constructedo implementmultiway case commanddy
presentinghevalueof thediscriminatingexpressiorontotheinputportof therootcomponent
of the tree,suchan arrangemen(for the four way case)is showvn in [fig. 5.4] The output
portsattheleavesof theCASEtreeare,in fact,nonputandconnectheleaf componentso the
activationsof the commandsassociatedvith eachcase choice. This arrangemenis very
simplefor case statement&n which all 2" outputsare connectedo commands Wherea
numberof casesarenot covered(or arecoveredby a defaultelse case)Halt or Continue
component¢STOP andRUN for Tangram)canbe usedto ‘cap’ a danglingoutputport. An
exampleof this cappingis shavn in [fig. 5.1] wherethe else clauseof anif commands
cappedwith a Continue theif commands implementedn the form of a two way case
commandWhereboth outputsof a CASE componentare cappedwith the sametype of

componentthatCASE componentanbe prunedto leave justa Continueor Halt in its place.

00
1
X
2 01 output
input —— L
10 activations
1X
1

11

Figure 5.4. A three component CASE tree

It mayalsobeuseful(indeednecessarjor theimplementatiorof Balsacase ) to combinea
numberof leafactivationantoasingleactivationwhereasinglecommandhouldbeactvated
for anumberof differentvaluesof discriminatingexpression.A CASE treeimplementation
would implementsuchan extensionwith the additionof Call componentg€ombiningleaf

activations,[fig. 5.5] shavs sucha Call linked CASE tree. This exampleis that of the case
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commandjivenin 84.3.2theenumeratioelement@\LU,LOAQ STOREandBRANCHiaving
thevalued), 1,2 and3respectrely. NoticethatastheLOAD, STOREcasespandwo CASE
componentsve cannotprunethetreeto removetheCall componen{whichis possiblevhere
theCall combinedothoutputof asingleCASE). All formsof themoreflexible Balsacase

commandanbeimplementedvith CASEtrees.PruningandCall activationcombinatiormay
producea resultantcontrolgraph(consistingof a CASE treedravn togetherby a numberof

Calltrees)whichis fairly complicated.

output
activations

BRANCH

Figure 5.5. A CASE tree with Call linked outputs

An alternatve approachs taken by the BalsaCasecomponent.A singleinput’s valuewill
determinewhich,if arny, of anumberof nonput(output)activationchannelss actvated. The

Casecomponenthereforenasthreeparameters:
1. Thewidth of theinputdatabundle.
2. Thenumberof active nonputchannels.

3. A specificatiorstringwhich determineshe behaiour of thecomponenby meansf a

valuesetto nonputchannelmapping.

The symbolfor the BalsaCasecomponenis the sameasthat of the TangramCASE with
the exceptionthatthe Balsaparthasonly nonputoutputactivation ports(asopposedo the

bit-strippingoutputportsof CASE) anda parameterisableumberof suchports.

A single Casecomponentcan replacean entire CASE tree. Multiple input valuescan be
associateavith a singleoutputactivationandthe Continue-cappingunctionalityis handled
internally Thisgeneralityof behaiour is specifiedby thespecificatiorstring,whichmustbe

of theform:
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[dase_spec[] ::= [dase_spec_term[], [dase_spec_term()* (, _)?
[dase_spec_term[] ::= [dange[]; [ange[)*
[tangel] ::= [decimal_integerl]

| [decimal_integer[1l. [decimal_integer[]

The[decimal_integerCtermshouldbeanon-nejative integerliteral whichis within therange|

0, 2" - 1] wherew is thewidth of theinput portto the Casecomponent.

A semi-colonseparatedist of [range[S makesup a [dase_spec_term[] Eachldase_spec_term[]
specifieghoseinput valueswhich shouldinvoke the commandwvhichis in thesameposition
in thelist of active nonputchannelsstheldase_spec_term(isin the[dase_specllist. TheCase
componentvhich implementshe case commandof the processoexampleof 84.3.2is

expressedn Breezeas:

$BrzCase ( 2,3,"0,1..2,3" | #1{#2.#3.4#4) )

Thechannehumbersherematchthoseshawvn in [fig. 5.5]for the activationsto thecommand
for eachcase.Insteadf beingaldase_spec_termthelastportspecificationn theldase_specl]
maybe‘ ’. Thisindicateshatthe associategbort shouldbe activatedfor ary valueof the
input channelwhich falls outsidethosevaluescoveredby the other [dase_spec_term($, this
is the specificatiorfor anelse clause.Withoutanelse connectiorthe Casecomponent
defaultsto the behaiour of a Continuecomponentwhen an input value falls outsideits

specifiedranges.

ImplementingCaseis fairly straightforvard. As we canbe surethat the specifiedranges
aredisjoint,a pieceof automaticallyoptimisedsum-of-productsombinationalogic canbe
usedto mapinput valuesto outputactivations. The arrangemenshawn in [fig. 5.6] shovs
sucha pieceof logic, in theform of a PAL, with arank of AND andsingleinvertedinput
AND gatesgeneratinghe true and complementinputsto the PAL (constitutingdual-ralil
encodedrersionsof theinputsignalstheisochronidorks presentn thisdual-railexpansion

canbe encapsulatedithin a demultiplexer cell). The outputsof the PAL areconnectedo
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the outgoingnonputports’requests.Returningacknavledgementsrecombinedby an OR
gateto form the acknavledgemenbf the input channel.As previously mentionedthe use
of anautomatedptimisationof the decodingogic is not a potentialsourceof hazardsthis
is becausehe 4-phasehandshakingprotocolrequiresthatthe requeste removed from the
selecteautputportbeforeits acknaviedgemenis removed. Theoutputrequests generated
from a pieceof combinationalogic for which boththe true andinverseinputsto the AND
gatesaregatedby theincomingrequestindsothe outputsof the AND gateswhich make up
thefirst level of thecombinatorialogic cannever go high unlesshe correctinput codingis
presen{andoncehighthey arenotlowereduntil the outputhandshakis completedandthe
inputrequesis removed). Theimplementations free of both staticonehazardgdueto the
stablenatureof theinputsafterthearrival of aninputrequestandstaticzerohazardgdueto

the SOPimplementatiorandgatingof bothtrueandcomplementatainputs).

SoP logic

activateOut 0

Figure 5.6. The Balsa Case component’s implementation

5.1.1.5. Arbitration — Arbiter

TheArbiter componenusedoy Balsahasthesamerequiredoehaiour asthatof theTangram
ARB componentlt is usedto guarante¢hemutualexclusionof two passve nonputchannels’
communication®y passinga singlecommunicatiorat a time ontooneof two actve nonput

channels.Thebehaiour is:
Arbiter(inpA, inpB, outA outB). #[[InpA : outA | inpB : outB]]

Here the arbitratingnatureof the communicationdriven selectionnotationis important.
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It is importantto ensurethat the mutual exclusionis enforcedacrossthe entire duration
of the incomingcommunication.This is doubly importantto the useof Arbiter in Balsa
sincethe DecisionWit componento which it is usuallyconnectedloesnot ensurea safe
behaiourwherearequesbnoneinputarrivesbeforethefallingrequesbf anotheinput. The
requiredfunctionalitycanbeachievedby theinclusionof afew extra gatesarounda mutual
exclusionelemeniwhichisacelllibrary primitive),[fig. 5.7]shavs sucha construction.Note
the timed forks which are necessaryo ensurethat the handover of the mutualexclusion
from the incomingrequestgo the generatecgcknaviedgementgannotglitch dueto a fast
responsef theervironmentby remaving theincomingrequest{sequencetb occurafterthe
acknavledgementeacheshe ervironmentbeyondthefork) beforethe acknaviedgements

obseredby the OR gate.

a
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;
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outB
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Figure 5.7. An Arbiter implementation around the mutual exclusion element

5.1.2. Channel construction components

Themeaningf achanneWithin theBalsaandTangramanguages notthesameasachannel
atthehandshag&circuitlevel. A handsha&circuitchannelill connectsinglepassve port
to a singleactive port in a point-to-pointmanner Languagdevel channelsanbe usedfor
the samepurposebut canalsocommunicaten a broadcastnannemwherea singleoutputis
connectedo multipleinputsfor thepurposef synchronisedommunicationLanguagdevel
channelganalsobe usedsequentiallyn away thatcanresultin thatchannebeingsplit in

two suchasin thecase:

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

Thetwo (sequentialmultiplexed)communicationsna couldeasilybeoptimisedinto a pair
of singlecommunicationsntwo languagdevel channels.In themappingof languagdevel
to handsha& circuit channelsa setof channelconstructingcomponentsreusedto give us
the sequencedhultiplexing, broadcasandpassvating (the connectingpf mary active ports

togetherpehaiours. Thechannekonstructiorcomponentandtheir usesare:

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

Call and CallMux implementchannelmultiplexing. Call is the samecomponentas a
micropipelinecall, CallMuxincorporateadatamultiplexersteeringpneof anumberof input

channelgowardsa singleoutputchannel.

5.1.2.2. CallDemux (MIX[PULL])

CallDemuxhasthesamecontrolbehaiour asCall andCallMux but haspull ratherthanpush
ports. Onreceiptof a singlerequesbn oneof its outputports,the CallDemuxwill request,
receve acknaviedgemenfrom andcornvey avaluefrom asingleinput portto therequesting

outputport.

5.1.2.3. Fork and ForkPush (FORK)

TheForksdistributeactivations(anddatafor the ForkPush¥rom a singlepassveinputto all
theiractiveoutputs.In atechnologywherereturnto zerosynchronisatiors allowable(suchas
a2-phaseomponensetor case®f parallelismwhereindependencef RTZ isnotnecessary),

the Fork canbesubstitutedor a Concursar

5.1.2.4. Synch, SynchPush and Sync hPull (JOIN)

The Synchcomponentgperform synchroniseccommunication.Synchconnectsa number

of passve nonputportsinto a singleactive nonputport on which one communicatiorwill
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occurafterreceiptof requesteneachof thepassieports. SynchPulhasasimilarbehaiour
(with pull ports)but alsocorveysthevaluereadfrom thecommonportto eachof theothers.
SynchPuslhnasthe setof pull portsof SynchPullbut recevesits input valuealonga passve
(push)input, the value is sentto eachpush output and also along an active ‘extension’
port (which canbe connectedo the passve input of a similar SynchPusho form a larger
SynchPusltomponent) ThepushiOINcomponenistheprimarymean®f connectingctive
channelausedby the Tangramcompilationmechanismthe componentSynchPusHinds a

similarrolein Balsa.

5.1.2.5. Passiv ator and Passiv atorPush (PAS)

The Passvator and PassvatorPushcomponentsre very similar to Synchand SynchPush
exceptthat all portsare passve andthe PassvatorPushcomponenthasno extensionport
(thisis in factthe optimisedform of SynchPusiwherethe extensionport is connectedo

aContinue).

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

Continue and ContinuePush are handsha& sinks, they immediately return an
acknavledgementoany request.This‘null’ behaiour canbeusefulfor tying off unusegorts
onothercomponentsHalt andHaltPusharesimilarly simplecomponentshey never return

anacknavledgementandareusefulfor introducingdeadlockailureinto descriptions.

The implementation®f all thesecomponentsre identicalto their Tangramcounterparts
exceptingthat all the Balsacomponentgother than the ‘channelterminators’Continue,
ContinuePushHalt and HaltPush)have a set of arrayedports. The behaiour of the
multi-ported componentsis that of ‘tree’ combinationsof their two-ported Tangram
equvalents, this difference is introduced to allow more compact handsha& circuit
descriptionsby gathering together glue components(and also allowing balancingand
amalgmationof componentsvithin the C-elementOR gatetreesandwire forks of which

thesecomponentarecomposed).
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5.1.3. Datapath components

The datapathcomponentsare alsovery similar to Tangram. The only notableadditionis
the CaseFetcltomponentvhich is usedto implementnon-constanindexed arrayelement
extractionexpressionsA specificatiorior CaseFetctvasgivenin 84.3.1afurtherdescription
will not be givenhereasCaseFetchepresentsvork in progressn the enhancemenaf the

Balsalanguage.

5.2. The Breeze intermediate language

TheBreezdanguagdastwo functionswithin Balsa. Firstly it senesasthehandsha&circuit
target formatfor the balsa-ccompiler containingthe handsha& componennetlist for the
compiledcircuit. Secondlyit alsoactsasa library formatfor balsa-casa Breezedescription
canbereadbackinto balsa-andusedasthebasisfor a new description.In thisway Breeze

allowsusto achieze somelevel of reusabilityandseparateompilationwithin Balsa.

5.2.1. Breeze syntax

SyntacticallyBreezeis very similar to Balsa,a single designfile will containa number
of declarationdor constantstypesand parts. All declarationswithin a Breezefile are
exportedfrom it andsoonly a singletop level declaratiorlist is necessaryThesingleplace
buffer of 83.1.3 passedhroughbalsa-cpecomeda few balsa-ogeneratedcommentdhave

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,"Xx" . #6,{#4} )

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

end

Thefile beginswith a compile-runinformationcommenblock,typedeclarationgollow (for
word in thiscase)thenfollowedby part declarationsA partisthehandsha&component
implementatiorof a procedureandwill have the sameport structureasthe procedurédrom
which it wascompiledwith the additionof a passve syncactiationinput. After the ports,
alist of attributes is given,thesemaybeeitherjustnamesr name- valuepairs. Here

therearethreeof them:

isProcedure
This part was compiledfrom a Balsa procedureand so can be reconstitutednto a

proceduravhenreadbackinto balsa-c.

isPermanent
This partreturnsno acknavledgemento an activation (asthereis an unboundedoop
within connectedo thatactivation). Attributesarea usefulmeansof corveying such

procedurabehaiour propertieso back-endools.

noOfChannels=8
ThenoOfChannels attribute hasa numericargumentln this casethis indicateshat
thisparthaseight(handshag&circuit) channelsn its definition. Knowing thenumberof
channelsvithin a partdeclaratiormayallow a scriptreadingthis Breezdfile to allocate

acorrectlysizedarraybeforethe channeinformationis readfrom thefile.

Therethenfollowsalist of all channelsthislist is sequentiallynumberedndincludesthose
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channelgonnectedo thepart'sports(whicharenumberedtl for theactivation #2 for input
I andsoon). Thetypingof thesechannelssreducedo anumerictypeof thecorrectwidthto
matchtherealtypeof thechannelsasexpressedn Balsa. Thisreductiorreducesherequired
complity of typing handsha& componenportsandalsoallows ‘dumb’ scriptsto work on

Breezefiles.

Thefinal sectionof apart’sdefinitionisthelist of handshakcomponentgself. Connections
betweencomponentandto the portsof the part are madeto the numberedchannels.No
unresohed connectionsare allowed as no nestingof part definitionsis allowable under

Breeze.

The similarity of Breezeto Balsais an intentionalfeatureto allow Breezepartsand Balsa
procedure$o co-existin thesamdfile (thusallowing theimport featureto beimplemented

usingsimplefile inclusion).
5.2.2. Breeze within the Balsa system

Thepositionof the Breezedescriptiorwithin the Balsadesignflow is shavn in [fig. 4.1] As
well asitsuseasanintermediatdetweerbalsa-andbreeze2gtesBreezdasthesourcdormat

for thebreeze2lardimulationandbreeze2dobhandsha&circuit visualiser

What is not shavn is Breezes role asa methodfor including handdesignedcomponents
and circuits within an automaticallygeneratediesign. Hand-craftedpart descriptionscan
beincludedin a Breezefile in the sameform asthoseautomaticallygeneratedf theuserso
desires.Partscanalsobe madeto refer to hand-craftedjate or transistorlevel circuits by
settingthe appropriatattributeandomitting the part's componentist (the channelist must

still remainto allow scriptsto width-wisetypethepart'sports).

The inclusion of Breezepartsinto Balsa descriptionsallows the userto explicitly place
handsha&componentsThisfeaturefurtherexpandghedescriptve possibilitiesof Balsaby

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

Thebreeze2gtestool describedereis currentlyonly a prototypefor a completegatelevel
mappingtool. Thefunctionsandinternalstructuredor suchatool areoutlinedherealong

with thecurrentsupportprovidedby breeze2gtes. Suchatool hastwo mainfunctions:

1. Tointeractwith thetaget CAD systemto determinewhich parameterisedomponents
requiredof a designare alreadypresentin that systems database.The remaining,
non existent,componentsvould be generatedoy breeze2gtesand enteredinto the

CAD system.

2. Togeneratanative formatnetlistof thehandsha&circuit’s structurefor entryinto the

targetCAD system.

Thecompletedoreeze2gteswill replacethesingle-railback-enddevelopedfor the Tangram
HCL to structuralVerilog mappingby the EXACT project at Manchester That tool was
written in the Cadencealesignframewvork’s internal scriptinglanguageSKILL (which has
aspectof both Lisp and C) andinterfaceddirectly with Cadencedy performinginternal
databas@okupandsymbolmanipulatiorthroughSKILL’sdatabaserogrammingnterface.
In ordertoallow adegreeof portabilitybetweerCAD systemgandalso possiblyprimarily, to
allow developmentwvithout having to interfaceto alarge,runningCAD system)reeze2gtes

is currentlyimplementedn Perl.

5.3.1. Perl —the practical extraction and report language

Perl [30] is a very similar languageto SKILL in mary ways. Perlwasdevelopedby Larry
Wall as a practical scripting languagefor systemadministrationtasks.It incorporates
the imperatve, iterative style of C (with supportfor formattedoutput, patternmatching
and persistentobjects)with the native supportfor list datatypesgarbagecollection and
manipulation®n listsof Lisp. Perlalsoprovideshashegassociatie arraysor dictionaries),

list / arrayduality (both indexing and link-following for lists) and a stand-alonescripting

lalsoknown asthe PathologicallyEclecticRubbishLister, this nameis actuallyin the PerlUNIX manualpage!
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naturewhich allows breeze2gtesto beimplementedisa separat@rogramfrom balsa-and
thetarget CAD system. A final implementatiormay however favour a differentlanguage
asPerlhasa reputationfor obscuresyntaxandcontext dependenévaluationof expressions
(e.g.evaluatingalist in scalarcontext will returnthe numberof itemsin thatlist, not report
an error) which make delugginga chore. The embeddablé&chemg40] interpreter Guile
(GNU Ubiquitousintelligent Library Extension,[39]) may offer a bettersolutionto both
the generatiorof back-endscriptsandthe internaldehuggingof balsa-c. Guile allows C
and Schemeo sharedatastructuresn sucha way thata programcanbe constructedrom

componentérom bothlanguages.

5.3.2. The Breeze parser and the netlist format

Breeze2gtesrecevesasits input a Breezefile describingthe designto be mapped.Only
flattenedhandsha& componentlescriptionsareconsiderederebut a completetool would
includeprovisionfor atreeof Breezdilesto beincludedproviding different possiblynested,
partsof a design. The Breezefile is processedby a parserandtransformednto aninternal
netlist format, type and constantinformationis discardedbreeze2gtesonly considerghe
widths of channeldo be significant. The five componentbuffer Breezeexamplegivenin

85.2.1wouldin theinternalformatbecome:

[ [BrzVariable’, [8,1],
[['gp_6’,0,[['b_6",8,0]]],
[gp_4',1,[['b_4",8,1]1]]],
[BrzLoop’, [,
[['gp_activate’,0,[['c_activate’,0,0]]],
['ga_8',0,[['b_8",0,0]1]]],
[BrzSequence’, [2],
[['gp_8’,0,[['b_8",0,0]]],
[ga_7_5"2,[['b_7,0,0],[’b_5,0,011111,

[BrzFetch’, ,
[['gp_7",0,['b_7",0,0]]], ['ga_i’,0,[['c_i",8,1]]],
['9a_6',0,[['b_6"8,0]]]],
[BrzFetch’, 1,
[['gp_5.0,[['b_5",0,0]]], [9a_6',0,[['b_6",8,1]]],

['9a_07,0,[['c_0",8,01]]l]
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Thisisaveryregularbut difficult (for humansjo readformat. In Perl,squarédracletsdelimit
listsof values.Thisis, thereforealist of componentsEachcomponents atriple (or rather:
alist of threeelementspf (hame parametelist, portlist). Eachportisalsoatriple,thistime
of (namenumberof subportssubportist). A subporisacomponenportof anarrayedoort,
the secondport of the Sequenceomponenin the abore exampleis a goodexampleof an
arrayedport (theportnamedga_7_5 whichis atwo elementarrayof channelgt7 and#5).
Non-arrayegortshave a subportcountof zeroandonly a singlesubportin their subportist.
Eachsubportis atriple of (namewidth, is pull) whereis pull is 1 for a pull channelbandO for

apushor syncchannel.

The namingof ports,and subportsis consistentwith eithertheir channelnumberor port
name (in the caseof external ports). External ports are namedc_externalName ,
internalchannelsareb_channelNumber andgroupsaregp_subportNameList or
ga_subportNameList  dependingnthesenseof thatport. Thisexplanationillustrates
the verbosity(and overbracletted!)natureof a consistensimple notationfor representing
netlistan alist form. A similarform of netlistrepresentatiois usedor gateleveldescriptions
(wheretheport—subportrelationshigpecomesform of busconstruction-ripping)with each
componengxplicitly placedby breeze2gtesrequiringthelongform notationto be usedfor

its instantiation.

5.3.3. Scripting to specify parameterisab le components

Each parameterisableomponenthasthreeassociatedPerl functions:ComponentName,
ComponentPorts  and Componentinstances which return the name, port
specification and componentlists for Component. The Componentinstances

functionis themostimportantof theseasit actuallyperformstheduty of parameterisinghe

componentgatelevelimplementation 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 reg. via a C-element tree
CElementTree (['inp_r,0,1], req’,
SingletonSlicesAcrossNameRange

('pout’,’_r’,0,0,$outputCount)));

# Handle the data connections (wire  forks)

for $ (0 .. ($width-1))

push @instances,(ForkTree 0, [inp,$i1], 'datas$i’,
SingletonSlicesAcrossNameRange
(pout’,”,$i,0,$outputCount)));

return \@instances;

ThefunctionsCElementTree andForkTree createarbitrarywidth treesof C-elements
andwire forks (with buffering) respectrely. Togetherwith port wire slicing functionslike
SingletonSliceAcrossNameRange (which extractsalist of eachith signalfrom the
givenportarray)andinvTree which creates bufferedinvertertreewe canconstructary
of the channelinterconnectinggomponentsn only a few linesof code. The advantageof
writing sucha parameterisingunctionin alanguagesuchasPerlratherthanrelying onthe
parameterisatioexpressve functionality of hardware descriptionlanguageg file formats
suchasVHDL andEDIF is the flexibility which a programminganguagegivesto allow
the parameterisatioto be expandedto encompassechnologydependenfeaturessuchas
timing analysis(a parameterisingunction could potentially calculateworst casedelays)
and capacitve load balancing(such as is employed in the InvTree and ForkTree

functions).

The gate level descriptionsof handsha& componentsare printed from the internal form
into a file in the structuralVerilog format. Thisis thenreadinto Cadenceausing Verilogin
which creates basicsymboland(usuallyfairly poorly laid out) schematic.The handsha&
componenmetlistis treatedin a similar fashionto createthe final, hierarchical designin
Cadence.As the internal form of the netlistis independentf the target CAD systems$

netlist format, formatsother than Verilog (structuralVHDL, EDIF or BLIF for example)
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maybe generatedby changinghe choiceof functionsusedto maptheinternalform into the

file-borneformat.

5.4. Peephole and gate-le vel optimisations

Optimisationgo handsha& circuitscantake placeat severaldistinctstages:

«  Languagdevel optimisations.Thesearetypically performedduringattributegrammar

evaluationandincludeconstanfolding andunreachableoderemoval.

* Handshak componenpeepholeoptimisation. Post-compilatioroptimisationson the
handshag& circuit netlist. A typical exampleis theremoval of TangramCON connector
componentswhen compiling using the Tangram compilation function (the Balsa

compilergeneratesao connectors).

*  Gatelevel peepholeoptimisations. Gatelevel optimisationsare typically performed
asafinal stageafterflatteningthe handsha& componentsf the circuit into individual
gates.Timingrelatedyatesubstitutiorsuchastheremoval of Fork — Delay— C-element
structuregsroundvariablereadportsin expressiong4] outlinesmary suchoptimisations)

mayalsocomeunderthisheading.

Many optimisationsare possibleand the balsa-ccompiler and breeze2gtes back-end
implementsomeof themorestraightforvardlanguagdevel andhandsha&componentevel
cases.Thissectionwill berestrictedo adiscussiorof theoptimisatiorsurroundingelect

implementatiorasthisis themajornew featurewhich Balsaintroducesver Tangram.

In the compilationof select , handsha& componentand gate level optimisationmay
be employed to producesignificantly more areaefficient implementations.Two notable

handsha& componenbptimisationsxist:
5.4.1. DecisionW ait activ ation removal

In eachof the examplescombineandmux(introducedn 83.2.2.2and83.2.2. Irespectiely)
thereis anunboundedepetitionof the selectbehaiour. In practicethe activationsof these

proceduresvould oftenappearat the top level of a circuit description(connectedo a Fork
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componentctivatedby the activationfor the wholecircuit). Theactvationontherepeater
is thereforeactingasa circuit reset. Theactionof the DecisionWait elemenitn allowing the
activation of the guardedcommando be stalleduntil the arrival of the circuit actvationis
madeunnecessaryThe DecisionWait componentindthe repeatcanthereforebe removed.
The activation signalsfor the guardedcommandsvould thenbe sourceddirectly from the
incomingrequestn the guardingchannels.If theserequestsare held low during circuit
initialisation,thecommandactivationswill besimilarlylow andsotheself-initialisingfeature

of handsha&circuit descriptionss presered.

5.4.2. FalseVariable — Transf errer removal

In the mux example,oncethe DecisionWit componentis removed due to the previous
optimisation,the activationsof the guardedcommandsare eachconnectedlirectly to the
activation port of one of two transferrers.The input ports of thesetransferrersare each
connectedo the readport of the sameFalse\ariablethat providestheir activation. The
False\ariable/ transferrepaircanbeseerto actasaconnectofromincoming(selectedport

to theoutputport of thetransferremandsobothcomponentsanbediscarded.

For the mux example this leadsto the interestingresult of the final, post-optimised
implementatiorbeinga single CallMux componentrom input ports (a, b) to output port
(c). Balsasenclosingselectconstructallows the userto describgandsoallows the userto
explicitly describej pushhandsha&componenthichwould otherwiseonly beavailableto

theuserthroughchannemixing or sharedvariablewrite ports.

The gatelevel implementatiorof the combineexamplegivenin 83.2.2.2(whosehandsha&
circuit is showvn in [fig. 3.2) is shawn in [fig. 5.8} This shaws the typical implementation®f

False\ariableand DecisionWait component$or caseswvherethe input andnonputchannel
protocolsarethesame(assumingproadinputchannelsbroadnonputchannelandareduced

broadprotocolonthereadsideof False\ariables).

Theenclosuref False\ariablereadportaccessewithin the'signal’basedactivationallowsa
verysimplereadportimplementatiomn mostprotocolcombinations Broadreadportswould

incur the costof alatch,with differing readandwrite port protocolsthe mismatchcould be
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solvedby a protocoladapteiin thewrite — probepathinsidethe False\ariable.

The DecisionWit implementationshavs only a single passve channel(other than the
activation), this componentis equivalent in function to the SynchPushcomponentwith
the activation andpassve input asthe SynchPusls two passve inputs. For Decision\\its
with two or moreinputs(let ussayn inputs)the C-elementandfork becomen C-elements,
n (self timed) forks, an n-way isochronicfork supplyingthe activation requestto each
of the C-elementsand an n-way OR gate (or similar memge element)connectingthe
forked acknavledgementsof the active ports to the actvation acknavledgement. The
untimed forks in the acknavledgementpathsimply that the completeenclosureof the
guardingcommunicatioracknavledgementvithin the activationcommunicatiorcannotbe
guaranteedThis is not anissuehowever asthis behaiour is commonto passvator based
communicatiorstructuregwhereanacknaviedgemenis forkedtowardsanumbetrof passve
ports) and expresseghe generalresult that (undertracereorderingin a delay-insensitie
setting) the enclosureof a passve ported communicationby another passve ported

communicatiorhasnofixedacknavledgemenbrdering.

Examplesof possiblegate level optimisationson the handshak circuit of the combine

exampleare:

« Remoal of the delay matchingand C-elementrendezwusof the False\ariableread
portsandCombinecomponentsTheC-elemenin questiorcouldbereplacedyasingle
delayor theinclusionof this delayin the activation pathof the transferrer(or indeed
the DecisionWait, SynchPuslor both False\ariables signal ports). This is a timing

relatedoptimisation.

*  Amalgamationof thetwo input C-elementsn the SynchPustandDecisionWit into a

singleC-element.

* Remuoal of the SynchPusitomponens C-elementin the casewhereinputsa and
b are sourcedfrom variablesand so have only delay elementsin their request—

acknavledgemenpaths.
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After removal of the DecisionWit andthe C-elementwithin the Combinecomponentthe
implementatiorof the combineexamplebecomesghe circuit shavn in [fig. 5.91 This circuit
bearsa closeresemblancéo theoriginal pull combinecomponenexceptthatthe operation

is now datadriven.

combine :: >

a FalseVariable

| Decisionwait

FélseVariaBie
Figure 5.8. Gate level implementation of combine — before gate level optimisation

combine
opt

a FalseVariable

Synchh

- \ _

FalseVariable

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

5.5. Simulation using LARD

5.5.1. Choosing the ‘level’ of simulation

Simulationof a Balsadescriptioncanbe performedat several distinctlevelsof abstraction

(in muchthesameway thatoptimisationsan). Thesenclude:
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Languagelevel behavioural simulation
A simulatorwould beconstructedvhichaccept8alsaasaninputformatandis capable
of executing Balsawithin a delugging ervironment. Alternatively Balsa could be

transformednto theinputlanguageof anexisting simulationsystem.

Handshake componentsimulation
The behaiours of the individual handsha& componentsof the compiled Balsa
descriptionare simulatedas a channelconnectedcomposition. Direct relationships
betweerthecomponentandchannelfiereandthosen thesourceBalsaarestill evident
(largelydueto thetransparennatureof thecompilationscheme)estimatediming may

alsobeintroduced.

Gatelevel simulation
Either the flattenedor hierarchical(the hierarcly being definedby the composition
of handsha& componentsyatelevel netlistcould be usedasthe basisfor simulation.

Realisticgatetimingsandestimatednterconnectimingscanbeintroduced.

Switch and analogueextractedlayout basedsimulation
Postlayout capacitance resistancesxtractionwith transistoror cell level switch or
analoguemodelscanbe usedto performmoretiming accuratesimulation. Thisis the
lowestlevel of simulationusuallyperformedandtypically consumesnoresimulation

runtimethanary otherform.

As theaim of simulationat the currenttime is to judgethe correctfunction of descriptions

andthereliability of thecompilationmechanismrealistictiming is not of greatimportance.

The possibility of further changeto the Balsalanguageandthe difficulties this may cause
in re-implementatiorof ary languagelevel simulator would tend to favour handshak

componentevel simulation. Therequirement$or sucha simulationervironmentare:

*  Thesimulationlanguagenustbe ableto specifythe handshak componentsat a signal

transitionlevel andallow theinclusionof back-annotatetiming if necessary

* An ervironmentmust exist for the graphicaldisplay of simulationresultsand the

deluggingof developingdescriptions.
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*  Theenvironmentmustbe portableto a similar degreeasthe Balsatool setandallow for
the easy(free?)distribution of both simulationmodelsand possiblythe environment

itself.

Fortunatelythe chosersolutionpresentedtself in theform of LARD [35], the Languagéor
AsynchronousfResearcland Developmentcreatedoy Phil Endecottaspart of a projectto
aid the modellingandrefinementof the AMULET3 microprocessowithin the AMULET

group.

5.5.2. LARD simulation

LARD provides CSP-like mixed sequential and parallel commandswith channel
communicatiorasabasiclanguagdeature.LARD for themostpartresembles concurrent
programmindanguageheingbuilt aroundasharednemorytime-slicemulti-threadedirtual
machine.Communicatiomprimitivesareimplementeantopof thismachineandfunctionby
signallingdatavalidity throughanelementf a sharednemorystructure.Ontop of LARD,
an expandedchannellibrary is usedto provide pull channelsand pull channelhandsha&
enclosureprimitivesto the user (this library waswritten by JohnBainbridgeand expands
LARD’ ssingle-track-lilecommunicatiomprimitivesto suppor2 and4-phasearly, late broad

andtri-state’ablechannels).

On top of these,a library of handsha& componentbehaioural descriptionsforms the
functionalcoreof eachsimulation. LARD providestype-polymorphideaturesvhich make
the descriptionof parameterisableandsha& componentsimple,thereis no needto create
specifianstancesf therequireccomponentfor eachdifferingsetof parameters.TheLARD
typeint which is the usualtype for numericinformationin LARD modelsdoespresenia
problemwherethesimulationof Balsadescriptionss concerned A Balsatypemayhaveary
positve numberof bitslimited only by thenativeintegerrepresentatioaf thetargetmachine,

thisisalimit onthenumber of bits in eachtypenotthattype’snumericrange.

The LARD int typeonly allows 32b numbergo be representednd soto implementthe
multi-precisiorarithmeticof Balsaadifferenttypemustbeusedor simulatecchannelsinthe
currentversionof thesimulationgeneratoeachchannelksvalueis representetly anarrayof

boolearelementspnefor eachbit of thatvalue. Thisis afairly poorencoding32brequired
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for eachbit representeddndmaybeimproveduponin futureversions.

Thetransformatiorfrom Breezeto LARD is performedby the Perlscriptbreeze2lardThe
outputof breeze2lards fed into the LARD compilerandthenontothe LARD simulation
ervironment. The LARD ervironments channelviewer allows eachhandsha& channelin
thedesignto bemonitoredandfor thebehaiour of thedesignto beobsened. Testharnesses
canbewrittenin eitherBalsaor LARD andcompiledinto the simulationusingbreezeZ2lard

andtheLARD compiler An exampleof theervironmentin actionis givenin §6.1

5.6. Chapter summary

This chapterhasdescribedgate level implementation®f the new handsha& components
introducedin previous chapters. Short descriptionsare given of all the componentof
the Balsahandshak componentsethave beengiven togetherwith a meandor simulating

handsha& circuitsusingtheasynchronousodellinglanguagd. ARD.

Peephol®ptimisation®f commonusesf the DecisionWait andFalse\ariablecomponents
aresuggestedA descriptiorof mary suchoptimisationgossiblan thecoreof components

which Balsasharesvith Tangramcanbefoundin Ad Peeters Ph.D.thesig4].

Significantoptimisationgo theinput selectiormechanisnareproposedor caseswherethe
activationof the selectioncommands ‘directly’ connectedo thetop level circuit activation
througharepeaternitially therequirementor anactvationappears$o beadisadantageof
handsha&circuitswhencomparedo otherdescriptionsvhereonly acircuit resetisrequired.
Thisis misleadingasin themajority of casesvheretheactiationis notused(i.e.connected
througharepeateto thecircuit activation)theremoval of acknavledgemenpathgatedeads

to circuitssimilarto thosecreatedoy designstyleswhichincludeanexplicit resetsignal.
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Two exampledesignsaregivenhere:a communication-coupled-bloakodelof the STUMP
microprocessoanda simpler sequentiabescriptionof the SSEM processar Thesewere
chosemastestdesignsdueto their limited sizeandthe desireto give examplesof boththe
Tangram' CSPdescriptve stylewith the SSEMimplementatiorandof the useof enclosing

selectionn thedescriptionof a pushcommunicatiorblock modelledprocessqQiSTUMP

6.1. The small scale experimental machine, SSEM

Thesmallscaleexperimentamachingd SSEMor theBaby)wastheprototypemplementation
of the ManchesteMark | digital electroniccomputer In Juneof 1948the SSEMran its
first programand becamethe world’s first storedprogramdigital computer A replicaof
this original valve andWilliams tube basedmachinehasbeenconstructedy the Computer
Consenration Society at ManchesterComputingwith assistancérom The University of
ManchesteandICL PLC. Thecommissionedeplicashouldexecutethatsamefirst program
in Juneof 1998to celebratehe 50" annversaryof computingin Manchesteandthe birth
of moderndigital computing.It seemditting to usethisvery simplecomputermasanexample
to demonstratehe capabilitiesof Balsaasa circuit synthesissystemand to contrastthe
advancementf computingechnologyfrom racksof valvesandCRT’sin abit serialmultiple
cascadedlock computemwith just 32 wordsof storeto a VLSI implementatiorof thesame

designwith a bit paralleldatapattandasynchronousontrol.
6.1.1. The behaviour of the SSEM

The behaiour describedhereis that outlinedin the documentatiorito M1SIM, an SSEM
emulatorwritten by Andrew Molyneux which runsunderDOS on IBM compatiblePCs.
Equialent behaiour with respectto the retuilt SSEMis dependenbn the accurag of

thisdocumentation.
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The SSEMis a 32b processowith a single (fixed length) instructionformat specifying
aninstructiontype and an absoluteaddresdor that instructions operand.Thisis a single
addressnstructionmachinewith a singleaccumulatoregister ALU operationsareof the
form ACC := ACC (@ M[absolut§. OnlytherelatvejumpinstructionJRPtreatsheaddress
field asarything otherthanan operandaddress.JRPaddsthe addresdield valueto the CI
(Control Instruction,the programcounterin modernterminology)register The absolute
jump instructionJMP usesthe addresgield to fetch the jump targetaddresgrom the store
somakingJMP an absolutendir ect jump instruction. TEST is the third andfinal form of
jump. TEST skipsthe next instructionif ACC < 0 andis the only instructionwhich hasa

conditionaloutcome.

Thesingleinstructionformatis shawvn in [fig. 6.1} the addresdield beingsplit betweerhigh
order(CRT selectionandlow order(CRT line select)itsaseachCRT canhold 32 linesof
32beach.Herewe consideronly a singleCRT designandsoonly the5b low orderaddress

field is relevant.

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O
1 1 T T T T T T T T T T T T I T T T T T T T T 1

XXXXXXXXXXXXXX X X| INST CRT ADDR LINE ADDR

Figure 6.1. SSEM instruction format
Executionof aninstructionproceedsn thefollowing order:

1. CI :=Cl + 1-IncrementCl

2. Pl := M[CI] - Fetchinstruction(PI is the presentnstructionregister)
3. Decodeandexecuteinstructionwith memoryoperandetchif necessary

Thissequenceepeatsintil a STOP instructionhaltsthe machine.Notice how incrementing
Cl occursbeforeinstructionfetch and so the first instructionto be executedwill be from

addresd.

6.1.2. The Balsa top level

The instructionformat andthis fetch— executeloop behaiour give the basisfor the Balsa
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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 bhits;
Func : SSEMFunc

over Word -- Pad 16b to 32b

-- First attempt at SSEMtop level

procedure SSEM( ...; sync Halted ) is
local
variable Cl, ACC: Word
variable Pl : Word -- cast to SSEMiInst where needed

variable Stopped : bit
..—- other declarations

beéin
ACC:= 0 || CI == 0|
Stopped = 0; -- reset Iinitialisation

while not Stopped then
IncrementClI();
Fetchinstruction();
DecodeAndExecutelnstruction()
end;
halt; sync Halted -- STOP instruction effect
end

The Stopped variableallows us to definea behaiour for the STOP instructionwhich

Is not part of the main fetch — executeloop (which also signalscompletionalong the

Halted port). The three proceduresincrementCl , Fetchinstruction and
DecodeAndExecutelnstruction will befilled in to provide the requiredfunctions.
For example:

procedure  IncrementCl is
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begin ClI = (CI + 1 as Word) end

Is a serviceabldncrementCl  procedurebut doesintroducean extra, temporarilyused,
variablein which to storethe resultof the expression(CI + 1 as Word) beforethe
assignmento Cl . Thisvariableis placedby the compilerto preventthereadfrom CI from
overlappinghewrite backinto ClI (whichwould,with atransparentatchimplementatioror
a transferrerspecificationwhich allows overlappingof handshakson readandwrite ports,
causea raceconditionbetweerthe completionof the write andthe propagtionof the new
valuebackto theinputsof the adder). We cansharethis temporaryvariablebetweernother

Cl modifyingassignmentby makingit explicit:

variable Cl_slave : Word
procedure IncrementCl  is
begin Cl slave = (CI + 1 as Word) end

The contentsof Cl_slave thenneedto be assignednto Cl at the end of instruction

execution.

6.1.3. Memory

Instructionfetchis justa memoryreadwith assignmeninto thePI. SSEMmustgain portsto

accessnemorysay:

MemRNW DirectionselectZerofor write to memoryonefor 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

creatinga new registerMDRo holdincomingdata.
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MemW
Memory datawrite port. A write operationwill have a similar form:

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

Threesharedoroceduresvill beusedto accessnemorynamely:

MemoryWrite

Write ACC valueto theaddresgivenin thecurrentinstruction.

MemoryRead
ReadACC_slave value (usinga slave for ACC in muchthe sameway asCl and

Cl_slave )fromtheaddresgivenin thecurrentinstructioninto MDR

InstructionFetch

Readnew Pl valuefrom theaddres$eldin Cl_slave

TheFetchlinstruction procedureannown becomgustacalltolnstructionFetch

Thereadinstructionis now readyto beexecuted.
6.1.4. Decode and execute

Decodingandexecutionof thefetchednstructionis donewithin acase statementEachof
theseveninstructionamatches singlecaseandinvokesa commandvhichwill containcalls
to thesharedoroceduresThe procedureshemseleswill only beinstantiatecdbncebut may
be calledby eachof thecasecommandssonly onecommandnaybebeingexecutedatany

giventime. Thecase commandookslike:

case (Pl as SSEMinst).Func  of

-- Absolute  jump

JMP then MemoryRead(); Cl_slave := MDR

also JRP then

-- Relative  jump

MemoryRead(); Cl_slave := (CI + MDR+ 1 as Word)
also LDN then

-- Load negative

MemoryRead(); ACC slave := ( - MDRas Word)
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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 Cl slave = (CI + 2 as Word) end
-- Stop dead
also STOPthen Stopped = 1
end ;
-- Copy slaves into master variables
ACC := ACC_slave || CI := Cl_slave

The updatingassignmentsf ACCfrom ACC_slave andCl from Cl_slave areshaown

sequentiato thecase command.

Noticethateachof the SUB andJRPinstructionsmakesuseof a dyadicoperator(subtract
and addin thesecases)yndthat the LDN instructionnegatesMDRbefore assigningit to
ACC_slave . TheadditionCl + MDR+ 1 usedbytheJRPinstructioncouldbeoptimised
from two addition BinaryFunccomponentdo just one adderwith a carry-inof 1. All of
theseoperationscould be replacedwith a sharedsubtractprocedure.For examplethe the
expressiorCl + MDR + 1lusedin the JRPinstructioncanberewrittenasCl + ( 0 ( O MDR
)) + 1*whichis equivalentto CI — ( 0 MDR) which canbe performedby two passeshrough
asinglesubtracte(MDR' := FFFF - MDRfollowedby Cl - MDR'). Sucha substitution
would make an excellentareaoptimisationremoving at leastone 32b adderstructurefrom

theoriginaldesign.

6.1.5. Compilation and simulation

This completeshe descriptionof the SSEMwith a numberof languagdevel optimisations
(theuseof sharedrocedureandremoval of auxiliary variablesby theuseof explicit ‘slave’
variables).This designcanbe compiledby balsa-dnto handsha& componentaindthenby
breeze2lardo LARD andsosimulatedwith LARD. Thehandshag& circuitimplementation

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

Theprefixoperator O’ is usednereto indicatethe bitwise complemenbf theargument. Thisis the* O’ operator
from theC language.
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befurtherimproveduponby sharinga subtractoffor all theinstructiontypes. Thecompiled

circuit cannow befedthroughbreeze2laréndbesimulatedwith LARD.

6.1.5.1. Compilation times

Balsa-accompilationof thisexampletakes20ms(onaPentiumil-266, timesarenotdissimilar
for the SunWorkstationbinary),executionof breeze2lardo producea LARD designtakes
afurther360msandthecompilationof thatLARD into abyte-coddile takes1.4s(thisbeing
themostcomplicatedstep). For acompletecompilationfrom the Balsafile anda LARD test
harnesandtheLARD linking of desigrandtestharnesito asinglebyte-coddile takes6.3s.
Thesevery shortcompilationtimesmake theuseof LARD aspartof acompile— simulate—

delug developmenimethoda practicalproposition.

6.1.5.2. The test harness

FortheSSEMthetestharnessonsist®f aLARD modelof asimple32wordmemorymodule
with similar portsto the SSEMdescription. Thememoryis loadedfrom a stringarraybefore

invocationof the SSEMprocedure.ThemainLARD expressiorof thetestharnesss:

(

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 I null )

)

This joins memoryandprocessotogetherandalsoprovidesthe activationfor the processor
by way of the outputcommandwith anull  argument. Within the LARD ervironmentwe

canseewritesto andreadsfrom memoryaschannetransactions.

6.1.5.3. Simulation

A small SSEMprogramis usedto demonstrateéhis model. The programconsistsof eight
instructionsandthreeconstantvordsandperformsthe complicatedaskof countingfrom 1

to4. In its entiretytheprogramis:
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loop:

one:
sum:
four:

org O
data O

org 1

LDN sum
SUB one
STO sum
LDN sum
STO sum

SUB four
TEST
STOP
JMP loop

org 16
data 1
data O
data 4

; Target address for JMP loop
; ACC := -M[sum]

; ACC:= (-M[sum]) - 1

; M[sum] = (-M[sum]) - 1
; ACC:= -M[sum]

; M[sum]” = -M[sum]’

; => M[sum]” = M[sum] + 1
; ACC:= M[sum]” - 4

; skip if ACC< O

; stop if ACC>= 0

; Cl = Mlloop]

: constant 1
;. start sum at O
. iteration count

Window Options Unhide ||

L i 100 200 5
o 5 44 44 48 48 34 44 4§ 4Z
e 5 48 48 44 48 44 44 4 43
mem ¥ 5 4 4

ment B 4§ ¢ ¢ ¢R ¢ 9% ¢ ¢F
halted |

7 |

R T R R B B I

"R R D T T B T

10 =l é é 4 4 é d 4 4
‘ ﬂﬂl | I -

Figure 6.2. SSEM test program running in LARD

Theprocessohasnodirectaddinstructionor un-negatedloadandsothisconvolutedmethod

mustbeusedto ensurdhattheresultis correctbeforetheterminationcondition(ACC = 4) is
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evaluated.Therunningprogram(in theLARD channeViewer)isshavnin [fig. 6.2] Onlyone
loopiterationis shavn,thepairedmemorywritesassociatedith thetwo STOinstructionger
loopiterationcanbeclearlyseen(onchannemem_W)ascanthepairedinstructior/ operand

memoryreadgon mem_R).

Thespeedf therunningsimulationremainsa problem. Thissmallexampletakes32sto run
on the samesystemon which it waspreviously compiled. This maynot beanunacceptable
time to wait for thissimulationbut at only oneinstructionpersecondor sucha smalldesign
thisis anunacceptablglon simulationervironment. Thisslovnesgsin themaindueto the
inefficientdataencodingpresentlyusedin Balsato LARD simulations(the booleanarrays
usedfor eachchannels bundleddataleadto UnaryFuncandBinaryFunccomponentbeing
implementedn bit serialfashionfrom loopsiteratingover thosearrays). The numberof
channelgieneratedy a handsha&circuit descriptioralsoslow down simulation.especially

whenall channelaretracedasis thecasehere.

6.2. A simple 16b RISC, STUMP

STUMF is a very simple 16b RISC microprocessomsedto teach the principles of
microprocessowdesign and implementationas well as the hazardsof non interlocking
pipelinedprocessorsTheinitial designfor STUMP wasdevisedby theauthoraspartof an
undegraduaterojectandaugmentedy DougEdwardsin itstransformatiorirom toy design

toteachingool [9]. Thesynchronou$STUMP has:

A thr eestagepipeline

Fetch executeandresultwrite back

Threel6bfixed length instruction formats

Rist == RsrCl @ Rsrc2’ Rist = Rsrcl @ Immediateandthebranchinstructionformat

1The nameSTUMP is meantto be a pun on the nameARM (a STUMP beinga cut dovn ARM). The nameis
misleadingasSTUMPis notbasednthe ARM design.
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Nine instructions
ADD, ADC, SUBandSBC(additionandsubtractiorbothwithoutandwith carryinput),
AND andOR (logicaloperations)..D andST(memoryloadandstore)andB (PCrelative
branchwith 8b offset).

Six generalpurposel6bregisters
R1..R6,R0is fixedto theconstanD, R7 is the programcounteravailableaspartof 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 androtateoperationgor registerto registeroperations.

Singlecycleinstruction pipelined execution

A CPlof 1for all instructionsxceptLD andST whichtake 2 cycles.

The threeinstructionformatsare shown in [fig. 6.3] The INST field codesfor the 6 ALU
instructiongADD ..AND), memoryoperationgLD andSThavethesameanstructiomnumber
LD beingdistinguishedrom ST by thevalueof the LDCC flag) andthe branchinstruction.

A suitableBalsaenumeratiortypewould be:

-- InstructionType: STUMPInstruction encodings
type InstructionType IS enumeration

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

TheLDCC bit is setfor anALU operatiorwherethatinstructionshouldupdatethecondition
codebasednits result. ALU operation®ithercombinetwo registersto producea resultor
aregisteranda5bsignedmmediate.For non-immediaténstructiongheremainingtwo bits
(5bimmediatdield lessthe3bregisterfield,thefield markedROT in theinstructionencoding)

specifyaninline rotateoperatiorfor the secondegisterbeforethe ALU.
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ALU/Memory: Rdst := Rsrcl op rot(Rsrc2)

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O
I T I N T

T
Q

INST [0| 8| DST | SRC1 | SRC2 |ROT

ALU/Memory: Rdst := Rsrc1 op imm
T T T T T T T T
]
INST |1|8| DST SRC1 IMM
1 1 1 1 1 1 1 1
Branch: PC := PC + offset
T T T T T T T T T T

111|{1 conD OFFSET

Undefined/reserved

ITIO0XXXXXXXXXXXX

Figure 6.3. STUMP instruction formats

Memory: Din 16

16

Register Bank

Read1 Read0 PC

I

Control
]
N

-

Memory: Address Doutv

Figure 6.4. Synchronous STUMP organisation
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Thetoplevel arrangemendf thesynchronouSTUMPIs shavn in [fig. 6.4] unitswhich have
stateholding(latch)behaioursareindicatedby anedgesensitve clockinput. Thefunctions

of theunitsnamedn thefigureare:

Control

The control unit providescontrol signalsto all otherunitsandadministerghe overall

stateof themachine.

RegisterBank
Theregisterbankprovidesthe persistenstorageof the generapurposeregistersR1..6
andthe programcounterPC/ R7. The programcounterincrementemlsolivesin the
registerbank. EachSTUMPInstructionmaywrite to at mostoneregisterandreadfrom
two others. For this reasortheregisterbankhasa singlewrite port andtwo readports
in orderto allow an instructionto completewithin one cycle. During the execution
of aninstructiona subsequeninstructionmay be fetchedfrom memoryby usingthe
dedicatedPCreadport (marked PC on thefigure)asan addressourcefor an external

memoryread.

IReg
Thel register IReg, holdsthecurrentinstructionbeingexecuted.To beexact,thisis the
instructionfor whichanALU operationsin progressluringary particularcycle. Those
portionsof thelReg registersinstructiorwhichneedo becarriedoverto theresultwrite

backphaseof instructionexecutionarekeptin the controlunit.

SEMux

SEMuxis thesignextendingmultiplexer. Its taskis to multiplex betweerreadport 1 of
theregisterbankandtheimmediatdield from thecurrentinstructionheldin IReg. This
multiplexing representthechoicebetweerregisterandimmediateoperandsor thetwo
generainstructionformats. The signextendingnatureof the multiplexer is necessary
asthe5bimmediatefield in register— immediateinstructionss signed the multiplexer
alsohandlegheintroductionof branchoffsets(whichare8bwide andsignedfor branch
instructions.Branchinstructionsmake useof the ALU to calculatehenew PCvalueby

addingthebranchoffsetto thecurrentPC.
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Shift
Theshifterin line with the ALU allowsregister— registerinstructiongo incorporatean
optionaloneplaceshift or rotate. Theshifteroptionsare:No shift, oneplaceright shift,
oneplaceright rotate oneplacerotateright throughcarry Left shiftscanbeeffectedby

addingaregistervalueto itself.

ALU
TheALU performghegenerabrithmeticandlogicaloperationspecifiedoy thecurrent

instruction. Four conditionbitsareproducedy the ALU’ soperation.

CcC
The ConditionCoderegister CC, holdsthe conditionbits outputby the previousALU
operatiorfor which storageof theconditionwasrequestedby settingthe LDCC flagin

theinstruction).

RReg
TheResultRegister RReg, holdstheresultof thepreviousALU operatiorprior to result
write backto theregisterbank. Themainrole of thisregisterin STUMPIs to (slightly)
speediptheregisteroperandetch— ALU operation-resultwrite backpathby splitting
it over two cycles. Theregisters otherrole is to highlight the problemsof instruction
dependenghandlingn apipelinedSTUMPimplementationvithoutregisterforwarding
(thisrole beingpartof STUMP’sduty asateachingool).

An asynchronou$STUMP hasa similar pipeline structurebut allows the designermore
freedomin the positioningof storageelements.The Balsaimplementation®f the register

bank,ALU andsign-ectendmultiplexer unitswill bedescribechere.

6.2.1. The register bank

The STUMP registerbank containssix generalpurposeregistersandthe programcounter
Its functionsareto allow readandwrite accesdo all of the registersandalsoto optionally

incrementheprogramcounter Thiscanbeperformedoy the Balsadescription:

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;
Readl : Register;
Write : Reqgister;

DoReadO : bit; -- if true then ReadPort0 <- R[ReadO]
DoReadl : bit; -- if true then ReadPortl <- R[Readl]
DoWrite : bit; - if true then WritePort -> R[Write]
DolncPC : bit - if true PC:= PC+ 1

end

procedure STUMP_RegisterBank (

input  control : RegisterControl; -- Single word
input  WritePort : Word; -- Register write &
output ReadPort0, ReadPortl : Word -- read ports
) is local
variable R: array 1.7 of Word
begin
loop
select  control then
local
shared DoReadO is begin
if control.ReadO =0

then ReadPort0 <- 0

else ReadPort0 <- R[control.ReadO]
end

end

shared DoReadl is begin
if control.Readl =0
then ReadPortl <- O
else ReadPortl <- R[control.Readl]
end
end

shared DoWrite is begin
select  WritePort then

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

if control.DoReadO then DoReadO() end ||
if control.DoReadl then DoReadl() end ;

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

Thisdescribes behaiour whereasinglecontrolwordis read two conditionalregisterbank
readsareperformedollowedby aconditionalPCincremenfollowedby aconditionakegister
write. Thesequencin@f readsandwritesallowsusto combinetheseoperationsn thesame
‘cycle’in thesameway asthesynchronousmplementatiordoes. ThePCincremenfunction
precedes write operationto allow theIncPC field of control  to bestrappedo a 1 and
still perform correctwritesto the registerbanks R[7] (the PC,thesecommandsnustbe

sequencetb preventinterferencavhenwriting R[7] ).

Furtherpointsof notearethe useof select to enclosethe wholeread,write, PC update
actionwithin thecontrol  communication.Oneside-efect of thisis therequirementhat
theDoReadO, DoReadl andDoWrite belocaltothatselect 'sbodycommandn order

to beableto readthecontrol  word'sfields.

The WritePort  port also makes use of select althoughfor a different purpose.
Instructionswhich write their resultsto RO in STUMP do so to discardthat result (asRO
permanentlyeadsthe value0), a communicatioron WritePort ~ muststill take placefor
this discardingactionto take placeand so the easiestvay to accomplishthis is to enclose
the condition for the register write within a select guard communication.The check
for a0 index into theregisterbankis now enclosedn theWritePort  readandsoavalue
will bereadfrom that port andeitherdiscardedwherethe control.Write /= 0 test
fails) or written into the register bank (with the assignmenR[control.Write] =
WritePort ).

The complity addedby the specialtreatmeniof RO breaksthe orthogonalityof the array
readandassignmentommandsThiscanberemediedy theinclusionof arrayconstruction
expressionsn afutureversionof Balsa(thisis partof theauthors currentwork), theshared

procedure®oRead0, DoReadl andDoWrite thenbecome:

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

shared DoReadl is begin
ReadPortl <- {0, R[1..7]}[control.Readl]
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 implementationa ContinuePusltomponent).The inclusionof array
constructionwill save the inclusionof Casecomponentgor eachof the conditionsin the

sharedprocedureandalsoallow WritePort  to beimplementedisinganactive,pull port.
6.2.2. The ALU
The ALU hasboth the simplesthandsha& behaiour 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: hit

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

Thelocalvariableresult  is usedto simplify manipulationof the ALU resultrequiredto
generateheflags. Thiscouldbereplacedy anumberof outputchannetommunicationsn
Result . TheCCregisterislocaltotheALU in thisexample(asthisisaneasiearrangement),
theshiftermustreceveits carryinputdirectlyfrom thecontrolunit whichis connectedo the
CCportof theALU.

The ALU canperformfour basicoperations:

Addition Usedfor ADD and ADC instructionsaswell asbranchtarget address
calculation&ndLD / ST sourcd tamgetaddressalculation.A 16badder

with acarryinputwill performthisoperation.

Subtraction Usedfor SUB and SBC instructionsthe sameadderasis usedfor add
operationsnaybeusedwith theadditionof arankof invertsontheright

handinputs.

AND and OR Thelogical operationmustbe carriedout with separatéardwarefrom

thearithmeticoperations.

Usinginternalchanneldéo communicateve candescribehesefour operationso:

-- Adder types
type Adder 1 16 is record
fO : bit; f1 : 16 signed bits end
type Adder 1 16 1 is record
fO : bit; f1 : 16 signed bits; f2 : bit end
type Adder 16 1 is record
fO : 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, O, O, 0O} end ;
--  Write result
Result <- result.fO

The four separateAddArgs communicationsand the inversion of SrcB for the two
subtractionoperationscan be combinedin post-optimisation.Notice that the structureof
case commandsanbe rearrangedo producedifferentvariable,sequencingndinternal
channelcombinations.It is possiblethat a differentorganisationis fasterthanthat given,
rearranginghe descriptionmanuallyto find thatcombinationis the basisof thetransparent

compilationdescribe- simulate-refinedevelopmentoop.

Noticethatit is necessaryo usea fair numberof typesin this complicatedbit manipulating
operation. The creationof a carryin to a simple16badderby theinclusionof a 17" least
significantbit shouldbereducedn gatelevel optimisationfrom a singlebit adderwith both

inputsconnectedogetherto a carryin connectiorto thenext adderin theadditionchain.

Theflagscannotbe setfrom theresult  register(with the exceptionof the overflow flag

which canbederivedfrom theadderinputsandresult). Theflag updates omittedhereasit
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is particularlycomple. Thedescriptvestyleof Balsais notwell suitedto building unitssuch
astheALU wheretherequiredcompositiorof gatess known but thedescriptions hampered

by thedifficulties of describinghiswith handsha&components.

6.2.3. The sign extending multiple xer — SEMux

Thesignextendingmultiplexeris oneof thesimplestunitsof thisdesign.A choicebetween
registerbankandinstructionregistervalueis madeby aselect command.Theinstruction
registersvaluemust,thereforepe pushednto the SEMux. Thiscanbeachievedby making
thelReg livein thecontrolblock asa Balsavariable awrite of thisvalueto the SEMuxinput
port canbe madewhereeithera branchor a register— immediateinstructionis executed.
The leastsignificanteight bits of the instructionalongwith a single bit tag informing the
multiplexer whetherthis is a 5 or 8 bit immediateis alsosupplied. The Balsadescription

would be:

-- 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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Thisis anexcellentexampleof the useof type castingto achieve sign extension. Consider
thecaseof the5bimmediatdield wherethelmm.Imm 8bfield is sliceddown into the5least
significantbits beforebeingcasttwice, first into a 5b signednumerictype andagain into a
full signedword. A castfrom asignednumerictypeto another(wider)signednumerictype

hasthe effect of signextendingthatnarravervalueinto thewidth of thewider, target,type.

Thisisalsoin mary waysarathercontrvedexampleasthesamebehaiour couldbeachieved
by drawing the register bank readvalue throughthe control block and makinga decision
abouttheinputsto the ALU there. Thiswouldrequirea greaterdegreeof controlsequencing
for thoseinstructionswith register— register operandgwith the SEMux the registerread
valueon readport 1 would flow straightthroughto the ALU without interactionwith the

controlblock).

6.3. Chapter summary

Exampledesignsof two microprocessorwith differing designstyleshave beengiven. The
SSEMdescriptionhasbeencompiledinto Breeze tfransformednto a structuralhandshag
componentmodel in LARD by the script breeze2lardand simulatedunder the LARD

ervironment. Thisis ascloseto a proof of principleascanbe providedat the currenttime.
The completionof the synthesigouteinto gatelevel VLSI usingbreeze2gtesis currently

work in progress.

The choiceof two microprocessorastestdesigndgs deliberate.Philips have until recently
only demonstratedhe applicability of Tangramto ASIC applications,most notably the
implementationof error correcting decodingunits for CD and DCC applications. In
implementinga microprocessai is theintentionof theauthorto exploretheapplicabilityof
thehandsha&circuitapproachothedesigrof programmableontrollers.Handshakcircuits
arecurrentlyaimedat the designof low power, low to mediumspeectircuits. It maybethe
casethatsmallcustommicrocontrollersaarea possibleapplicationareaof interest. Tangram
hasrecentlybeenusedto implementa self-timedversionof the Intel 8051 microcontroller
[19]. This designhasa very simple control driven sequentiahaturesimilar to that usedin

the SSEMdescriptioncoveredin this chapter The SSEMalsodemonstratethe description
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of an accumulatorbasedmicroprocessorA descriptionof a specialisedprocessorsuch
asa programmabldDSP would have a similar sequentialaccumulatobasednature. The
STUMP descriptiondemonstratesimpleusesfor the enclosingnput selectionmechanism

in structuraldatadrivendesigns.
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Chapter 7. Conclusions and Further
Work

7.1. This thesis

Four majortopicsbeendiscussedh thisthesis:

Thedescriptiornof the Balsalanguageandits additionsto Tangram.

*  The implementationof tools to compile Balsato handsha& componentausing an

extendedTangramcompilationfunction.

e The implementationof new handsha& componentsntroducedby the extensionsof

Tangramandby the modificationof thetargethandsha& componenset.

*  Thedemonstratiowf afirst-cutsimulationmodelgeneratiortool, breeze2lard.

7.1.1. The Balsa language

As a designdescriptionlanguageBalsahasthe majority of the featuresof Tangramwith
the additionof the parameterisatiorseparateompilationandinput selectionmechanisms
describedn 83

Theadditionsmadeby Balsato Tangransere two mainpurposes:

7.1.1.1. ‘Normalising’ Tangram

Tangramshould be mademore similar to other HDLs to increaseits acceptabilityto the
currentusersof thoseHDLs. Balsahasa more corventionaltype systemfor an HDL.
Emphasiss placedontherepresentationf bitsof informationratherthanrangef integers.
Numerictypescannotbedescribedvhich donotincludeall of the 2" possiblevaluesof their
n bit realisations.Arraysandrecordsaredefinedby a sequence®f bits makingup a word.

Extractionfrom arraysandrecordss simplybitfield extractionfrom thatword. Typecastings
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thezero-paddingr truncatiorof thatword. No structuratypecastingoperatoexistsin Balsa
(cf.structurakcast andbitwisefit castsof Tangram)theresponsibilityfor structurakype
manipulatiodieswith thedesigner Otherrelevantfeaturesarethesugary (somevhatVHDL
like) syntaxof Balsaandtheinclusionof facilitiesto allow separateompilation. Separate
compilationallowsthedesigneto reusepartsof old designsn new projects.In practicethis
allowsthedesignetto not only reuseBalsasourcebut alsoto make useof hand-designedr
optimisedunitsin new designs.Thedescriptiorof portstructuresf foreigncomponentssed

in Balsadescriptionseemgo 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 handshak& implementationsthe designercan reason
about the communicationbehaiour of a circuit modelling communicationas single
point synchronisationsThe useof activation channelcommunicationgo encloseactions
in the definitionsof handsha& componentsand handsha circuits relieson a model of
communicatiowhichincludesnclosuréetweertwo events. Enclosurecanbemodelledn
hardwareby the exchangeof eventson a pair of handsha& signalswith the enclosedaction
performedbetweertheseawo events. Thedatavalid phaseof mary signallingprotocolsused
in bundleddataimplementationganbe madeto partially or fully enclosethe periodof the
handsha&in whichthebehaiour associatedvith anenclosureccurs. Theextensionof the
conceptof enclosureo the sourcedescriptionlanguagewill therebyallow the designerto
exploit the stability of communicatediataandthe controlsimplificationof communication

enclosedehaiours.

In short,allowing theenclosingselect in Balsaallowsthedesigneto describgrocedures
with enclosingand unkufferedbehaiourswhich arenot possiblein Tangram. Thisin part
makesup for thelack of datadrivencontrolin Tangrambut doestendto leadto descriptions
which are more structuralin naturethan the designermight have intendedas explicit
communicationandchannel¢endto replacetheimplicit channel®f a Tangramexpression.
An enclosingselect commanddoesalsomake theimplementatiorof the Tangrany CSP
sequence@uardcommunication guardeccommand}electiorschemanoredifficult. The

examplegivenin 83.2.2.4shaws a two way Tangramlik e selectionbuilt usinganenclosing
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selectionand with explicit sequencing.The descriptionof the gate level optimisations
possiblefor thiscircuit givenin thatsectionyieldsa circuit whichis only slightly largerthan
theimplementatiorof thesimilardescriptionin Tangram.Theincreaseaxpressvenesshat
enclosureallows andits ability to describethe Tangramselectionmechanismmale it the

mechanisnof choiceof Balsa.
Othernotablefeaturesaddedo Tangranmby Balsaare:

Arrayedchannelg83.1.5.2
Theability to describeaportstructurevhich consist®of severalseparat@ortsindexable

in thesameway asanarray

Separateompilation(83.1.5.1
A simplefile-basednodulesystemallowing separateompilationof separatg@artsof a
design.Closerintegrationwith aCAD systenmayalsobeachiezedby linking theBalsa

codeorganisationwith thatof the CAD system$database.

Structuralterationcommand4$8§3.1.5.4
Thefor || andfor ; commandsllow theuserto describeherepeateglacement
of hardwarein a similar way to the for ... generate  ...commandavailablein
VHDL. Futureadditionsto Balsamay add parameterso Balsaproceduresaind make
this structuraliteration facility availableto if ... else structuresand select

commands.

7.1.2. Compiling Balsa

BalsashareshesamecorecompilatiormechanisnasTangram.Theuseof handsha&circuits

asanintermediatdorm allowsthe separatiorf the compilationprocessnto two stages:
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Frontend— Uservisible languagdo HCs
The sourcelanguage(Tangramor Balsa)is translatedinto a network of channel
communicatindhandsha& components.This compilationphaseis, for the mostpart,
independentf thedetailsof thefinal implementatiotechnologysuchasthesignalling
mechanisnanddataencodingisedorealisechannels Optimisationsnaybeconsidered
at both the languagdevel (suchasconstantfolding or deadcoderemoval) andat the
handsha&componentevel (typically peepholeptimisationof controlstructures).The

balsa-ccompileris anexampleof afront endHC compiler

Backend— HCsto targettechnology
A VLSI implementationof a handsha circuit is produced. Specificdetailsof the
implementationtechnologyare consideredand optimisation can be carried out in
the light of thesedetails. A simple backend may treatgatelevel descriptionf the
handsha& componentsnay be treatedasmacrosor the creationof whole handsha&
circuits. A more complicatedtool may attemptto re-synthesisgartsof the design
(typicallythecontrolpath)for betterareaspeedr power performance Suchabackend

compileris plannedaspartof thefinal Balsasystem.

TheprimarydifferencebetweerthesyntaxdirectedapproactinatBalsasharesvith Tangram
and that of more cornventional, state-space=xploration (and particularly synchronous)
synthesigechniquess the ‘connectednesshe designerfeels with the designrefinement
processExplicituserinterventionin arapiddesign-compile-simulation-re-engineecycle
allowstheusertomaketheirowntradeoff decisions.Lessdirectmethodsindin particularthe
dominantVHDL / Verilog functionalsynchronousynthesisouteemphasis¢he automated
natureof synthesisndtheproductionof anumberof implementationatanumberof points
in the speed areatradeoff solutionspace.Iln anidealworld, suchtoolswould respecthe
designers descriptve style and producea selectionof well optimiseddesignsin a timely
manner The reality is of slow tools producinggoodimplementationgor designsmadein
theirfavoureddescriptve style. Designtherebybecomes design- synthesise- simulate(or
assestheperformancef thedesignin someothermanner}- re-engineedesigrto fit in with

thesynthesisespreferredstylecycle.

Syntax directed compilation may at first seemlike an abandonmentof automation,
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an admissionof defeat. It should be seenthat this is not so and that a direct approach
simply emphasisethe role of the designerin the transformatiorof a descriptioninto an
implementation.In learningthe ‘tricks’ of a non-directsynthesisethe designeris asmuch

seeingadirectmechanisnasif asyntaxdirectedmethodwasusedall along.

7.1.3. The Balsa handshake component set

A numberof additionsaremadeto the componensetusedby Tangram.The Decision\Wait
and False\ariable components(whose uses are detailed in 83.2.3 and gate level
implementatioraregivenin 85.1.1.3 areintroducedo allow theuserto describeuntuffered
inputselection.Thepowerof theCasecomponenis greatlyincrease@nditsimplementation
(detailedin 85.1.1.4 is generalisedo reducethe needto re-synthesis€ ASE treestructures

duringthebackendphaseof compilation.

7.1.4. Simulating Balsa with LARD

Simulationof Balsadesignsis by translationof intermediatehandshak circuits into the
modelling languageLARD. The tool breeze2lardvas describedin 86 as a meansfor
producingvalid LARD from Breezenetlistsandthe simulationof compiledBalsadesigns
using a library of parameterisabléandsha& componentdescriptionswritten in LARD.
LARD isthesimulationengineof choiceduetoits widerusewithin theAMULET3 projectas
ahighlevel modellingandvalidationlanguage.For future projectsa versionof breeze2lard
is in developmentwhich will translatea handshag& circuit netlist from Breezeinto a less
structuralLARD description. This will be achieved by traversingthe activationtreeof the
given handshaé circuit and placingnatve LARD commandsand control compositionsn

placeof handsha&componentnstances.

The lack of a gate level targeting back end for Balsalimits the ability to make direct
comparisonbetweenTangramand Balsa. The use of the Tangramcompilationfunction
shouldresultin verysimilarhandsha&circuit descriptiongrom thetwo tools. Theuseof the
enclosingselect in Balsadescriptionswvill hopefullyyield smaller(dueto theremoval of

latches)andfaster(asenclosure@educeghe needto sequenceommunicationsvith actions

andalsoremovesthe passvationrequiredwhenconnectingactive ports)circuitsthanthose
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describedn the Tangranstyle.

It is hopedthat this lack of concreteresultswill be rectifiedin due course. Two major
designexercisesare plannedwith which to compareBalsawith otherapproachesThese

designsare:

A 16bDigital SignalProcessof stDSP
The stDSPis a self-timedDSP core designedoy Cogeng Technologyl_td. [34]. The
architectureof stDSPis almostidentical to that of an existing synchronousDSP
core (for which stDSPis a drop-in replacementfesignedfor low-power and high
electro-magneticompatibility applications.A Balsasynthesisedersionof this core
could, therefore,be directly comparedwith both hand-designedsynchronousand

synchronougmplementations.

A DirectMemoryAccessontrollerfor the AMULET3
TheAMULET3 isthethird asynchronousnplementatiorof theARM architecturéo be
undertalenby the AMULET groupof The Universityof Manchester AMULET3 will
take theform of a macrocelito beincludedin a single-chipsolutionby a commercial
partner This chip will includea numberof synchronougperipheralsthe AMULET3
macrocelland a DMA controller The DMA controller will handlethe majority of
transactionsnadebetweerthesynchronougeripherabndtheasynchronousacrocell
(communicatingicros@nasynchronousn-chipbus:MARBLE [41]). In ordertoreduce
designtime andincreasdlexibility (to accommodatan evolving specification)t has

beendecidedo undertale thisdesignusingBalsa.

It ishopedthattheimplementatiorof thesedesignswill yield corvincingquantitatve (in the
caseof theDSR speed area power comparisonsandqualitatve (easeof use/ suitability of

thedescriptve styleto practicaldesignsmeasuresf thesuccessf BalsaasanHDL.

7.2. Related Work at Manchester

Balsais a synthesisorientatedlanguagethe key tools under considerationbeing those
requiredto realisea standardcell implementationof Balsa designs(specifically balsa-c

and breeze2gtes). This work should be contrastedwith two other asynchronousircuit
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description modellingprojectsbeingcarriedoutwithin theDepartmenbf ComputeiScience

at TheUniversityof ManchesterTheseareLARD [35] andRainbav [16][18][3].

7.2.1. LARD

LARD wasdescribedn 85.5asa simulationervironmentfor handsha& circuits. LARD’s
original purposeremainghe high level modellingof asynchronoudesignsspecificallythe
architectureof AMULETS3 [11][12]. High level hererefersto modelsin which theindividual
intermodule communicationsare revealedbut internal function (along with sequencing)
is modelledin a ‘programminglanguage’style. Programminganguagefeaturessuchas

compositayping,typepolymorphismanduserdefinedoperatorareall available.

LARD allowsdescription®f circuitsin which Micropipeline-like communicationgreused
(pushonly communicationsvith the possibilityof enclosureof a behaiour within aninput

communication).The communicatioroperatorgpresentin LARD are not primitive to the

languagendare,in fact,built ontheuseof shareddatabetweerthreadseingscheduledyy a

time-sharingirtualmachine.Thepull handsha&behaiourrequiredof thehandsha&circuit

simulationsdescribedn 85.5wereimplementedusingan add-onchannelcommunication
library built onthe sameprinciples. Thisflexibility allowstherapiddevelopmentof designs
by refinemenfrom high level model(which is unsynthesisabled final design(which may
closelyresemblethe final implementationwithout changinglanguageor tools. A further
benefitof this flexibility is the ability to write high level testharnessefor LARD models
in LARD.

CompiledLARD isrepresentelly abytecodeintermediatdorm beingexecutedoy avirtual
machinamplementedn software(in muchthesamewayasthelanguageSmalltalkandJava
arebytecodeinterpreted) Emphasiss placedonthespeedf simulationof designsnvolving
smallnumberf significantcommunicationgastherelianceonpolling of sharedlatamalkes

thefine-grainuseof channelsnefficient).

It is unlikely thata synthesisefor LARD will bewritten. Defininga smallenoughsubsebf

thelanguagdor which correctsynthesisanbeensuredvould bea notinsignificanttask.
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7.2.2. Rainbow

The Rainbav projectis an attemptto createan inter-working set of languagedor the
descriptionandreasoningaboutMicropipelinedasynchronoudesigns.This work is being
carriedout by the AsynchronousdardwareVerificationGroupat Manchester The principal

languagesurrentlyin developmentareGreenandYellow.

Green[14] is a dataflav-style, pipeline constructionlanguageand as such hasboth visual
andtextualforms. Greenis typically usedto describehatpartof designwhichis simplythe
compositiorof pushpipelineelementandpipelinebufferingstages.Thestoragef persistent
stateandthecontrolsequencingf actwitiesis difficult in Greerwhichconcerngtself mostly

with themanipulationranddirectionof data.

Yellow ontheotherhandis a CSP-likelanguagelescribingcontrolflow in anexplicit manner
with communicationprimitives being importantfor synchronisatiorand data movement.
As with Green,only pushbehaiour is consideredwithin Yellow (althoughthe push/ pull

natureof channelsandthesignallinganddatavalidity protocolsoperatingon thosechannels
remainhiddento theuseraswith Balsa)althoughYellow is capableof describingsequenced

behaiour.

Yellow is in mary waysvery similar to Balsawith Greenactingasa convenientform for
representinglatadrivenpipelinebehaiours. Althoughnocompilationmechanisncurrently
existsfor Yellow (compilationof Greenbeingstraightforward)thelanguagemaylenditself

to ahandshag&circuitimplementation.

Rainbav’'s mandatehas beenand remainsthe formal reasoningabout the propertiesof
asynchronoudigital circuits. TheRainbavlanguageareameango thisendandassucheach
languagehascarefullydefinedsemantics Any descriptionn ary of theRainbav languages
(GreenandYellow aswell astheyet-to-appealanguagefRedandBlue) canbereducedo a
processlgebradescriptiorfrom whichreasoningboutthepropertie®f thatdescriptiorcan

beattempted.
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7.2.3. Justifying three projects

The concurrendevelopmentof Balsa,Rainbav andLARD shouldnot be consideredo be
poor organisationon the partsof the researchgroupsinvolved. Eachprojectrepresents
differentapproacho the problemof constructingasynchronousystemsandalthougheach
projectincludesa meandor capturinga description(its language(s))he goalsof thethree

projectsaresufficientlydifferentto make eachaviable proposition.

Theemphasi®f futurework onthedevelopmenbof Balsawill remainwith synthesis.

7.3. Other approaches to CSP synthesis

A numberof other approachesave beendocumentedfor the automatedsynthesisof
asynchronousystemdrom CSPIlik e descriptionsnotablythoseof Burns[36] andBrurvand
[15]. The main differencesbetweentheseapproachesand that of Tangramand Balsaare

relatedto:

« Tamettechnologies- gatelevel vs.modular

»  Preferredport sensedor eachof input, output and sync ports and the meansfor

composingport connectedjyroupsof modules.
*  Treatment®f input selectiorandarbitration.
*  Choicesof andabstractioraway from signallingprotocols dataencodingschemes.

*  Whereoptimisationor refinemenbf thedescriptions performed- manipulatiorof the

descriptiorvs.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 CHP to gatelevel circuit descriptions.A numberof predefinednodulesareused

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’ componentvhichis alevel sensitve
mutualexclusionelement.Eachof thesemoduleqwith thepossiblesxceptionof themutual
exclusionelementtanbeimplementedvith justthe corventionalcombinationalogic gates,

the C-elementindtheuseof isochronicforks.

7.3.1.1. Channel primitives: Bidirection channels and the Probe

Thesignallingmechanisnuseds 4 phaseandinvolvestheuseof one-hoencodediatagiving

riseto 2" + 1wiresfor eachn bit wide unidirectionalkchannel. The communicatiomotation
usedallows for bidirectionalcommunicationgy the inclusionof multiple ‘acknownledge’
wires. Thecommonrequest acknavledgeterminologyis not useda bidirectionalchannel
is simplya 2" + 2" wire channelwith n bits flowing in onedirectionandm bits flowing the

oppositedirection. A 4 bit passve input portmayberepresented:
passivehannelNamgl6, 1)

Thisdenotes passve portwith 16 input signalsandl outputsignal(theacknaviedgement).
The distinction betweenactive and passve portsis madeat the languagelevel allowing
the flexibility to choosebetweenpushandpull directeddesignstyles. Tangramand Balsa
descriptionglo not allow suchdistinctionsasthe Tangramcompilationmechanisnfavours
an ‘all active’ approachto the implementatiorof normal(non selectinglcommunications.
Thedistinctionis madein the handsha& componentsHandshak componenpushandpull
unidirectionalchannelscan be explicitly describedoy pairsof active and passve portsof

degreeqn, 1) and(1, n) for outputandinput portsrespectiely.

Within the body of a processbidirectionalcommunicationoperationsare consideredo
be atomic, with the exchangeof data(or datafor acknavledgement)occurringwithout
the provision for the inclusionof an enclosedccommand. This fits in well with the atomic
communicatiorsemantic®f CSPbut doesnot allow the descriptionof handsha& enclosed
behaiourswithout the addition of a notablefeatureof both Burns’notationand Martin’s
CHP:theprobe. Theprobeallowsthedescriptiorof enclosingandcommunicatiorselecting
behaiours by allowing the readines®f a channelto performa communicatiorto be the

subjectof a guardexpression.Take the examplefrom Burnswhich usesa similar notation
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to that of the handsha processcalculusdescribedn §2 exceptthat D signifiesa probe
on channelD, D alonesignifiesa communicatioron D and*[ ] is the unboundedepetition
operator:

O[[D - &S5 -S,4:Dl]

S S

S DA

Herea probeon channeD formsa guardexpressiorfor theactionS'; S/'; ...; S _/';

probeexpressions not a predicaten the usualsenseasthe probes functionis to delaythe
satishctionof theguarduntil thechanneD isreadyto communicateln thisexampletheprobe
onD guardghesequenceéxecutionof S to S, _ ' followedby acommunicatioronchannel
D. If Disconnectedo apassvesyncportin thisprocesgof theform passiv®(1, 1)) thenthis

expressiorcanbe seerto beequialentto thisexpressionn thehandsha&processalculus:
#D:(§:S).+S.)]

Thisisof courseghebehaiour of theSequenceomponenin theBalsahandshakcomponent

set.

By the useof theguardwe canexpresscommunicatiorselectiorby allowing morethanone

guardin aguardedcchoiceexpressiorto includea channeprobee.g:
O [A - C;A | B - C;B]]

This describesa Call componentenclosinga communicatioron C by either an initiating
communicatioron A or B. Again the useof the probein a guardexpressionchangeshe
meaningf thewholeguardedexpression.lf A becomeseadyto communicatesoleadingto
the satisfictionof theguardA andthe executionof theexpressiorC; Atheguardexpression
B effectively becomesalse. Thechangef semanticsvhichresultsn theuseof theprobein
guardexpressionprovidesagoodenouglhreasorto disallow its useelsavhere(i.e.in general
booleanexpressions).In conjunctionwith normal predicatesguardexpressionsnvolving
probesanbea powerful meansof expressingnput selectionbehaiour in amannersimilar
to the predicateguardedccommunicatiorguardsof CSPbut whilst allowing the description
of enclosingbehaiours. Although a more powerful constructthan enclosurethe probe

canbe usedto expressbehaiourswherethe nestingof an expressiorwithin an enclosing
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communications not possiblefor example:
|j[ A1 [’Z‘ - expr]_]; exprz]

describesheenclosureof expr,; expr, within acommunicatioron A wheretheinitial action
of the circuit is to performa communicatioron A. In the handsha& processcalculusthis

couldbeexpressed:
H#HAA: (exprl; exprz) ]

In thisform theenclosuref thesequencexprl; expr2 is madeexplicit andis notallowedto
straddlegheendof aniterationof theenclosingunboundedepetition. Theprobeexpression

couldequallybeexpresseds:

O[ A;[A - skip]; expr,; expr, |
or A O[[A - skip]; expr; expr,; A]

This givesus several waysto expressthis simple enclosuretwo of which are not obvious
onfirst parsing. Restrictingthe useof the probe or therequirementfor acompilerto handle
all its possibleusesmay contribute to the compleity of sucha compilationscheme.Burns
considersgprobeto be essentiako the compilationmechanismwhich includeshandsha&
expansiorandhandshak&re-shufflingascompilationphase®xpressingheactof waitingon

aninputsignalusingaprobe. In theuseof handsha&componentasatarmgettechnologythe
choiceof signallingprotocolsanddataencodings deferreduntil thefinal stageof compilation
(mappinginto logic gates)making the signal level manipulationof circuit behaiour by
theinput descriptiondifficult if notimpossible.Enclosurecanbe seenin thisway to bean
extensionof the propertiesof the channelcommunicatiorratherthan an extensionof the
signallevel descriptve abilities of the target technologyinto the input descriptionaswith

theprobe.

7.3.1.2. Input selection

The useof unaryencodeddataandthe ability to predicateguardexpressionson the value

of incomingchannekcommunicationgeadsto animplementatiorof ‘channelvalueguards’
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whichisidenticalto thatof selectiorof anumberof incomingsynccommunicationsBurns
givesan implementationof sucha passve input structureusingn C-elementsan n way
isochronidork andanninputOR gatewhichisalmostidenticaltotheDecisionVitdescribed
in 85.1.1.3asan additionto Tangrammadeby Balsa. The Balsaimplementationdiffers
howeverin itstiming of theacknavledgementnadeto theinitiating channeltheactivation)
and exploits the enclosureof the guardedcommandin the guardcommunicatiorto allow
thefreereadingof thevalueof theincomingchannekcommunicatio{usinga False\ariable
componentwithout incurring additionalsynchronisationthe costof placinga Variableto
recevetheincomingchannekvalueor thecostof accountingor apossiblyvariablenumber
of referencesnadeto the channels value during the executionof the guardedcommand.
This ‘low costread’propertyis not possibleusingthe probeprimitive without the inclusion
of anexplicit variableevenwhereenclosuref theguardeccommandn thecommunication

is possible.

7.3.1.3. Arbitration

CHP allows the designerto explicitly distinguishbetweeninstancesof communication
selectionwhich involve arbitrationandthosein which the ervironmentensureshe mutual
exclusion of competingcommunications.This is a useful featurein a directly compiled
languageand sois carriedover into Balsain the form of the select andarbitrate

flavoursof input selection.

7.3.1.4. The Compilation Approach

Thecompilationmechanisnimplementedy Burnsdiffersfrom theTangramapproaclby its

emphasi®n afixedtargetsignallingprotocol/ dataencodingandonits useof manipulation
of termsin the input notationto refinetowardsan implementation.The directcompilation
method used by Tangram defines simple mappingsfrom input expressionsto output
handsha& circuits and favoursthe useof handsha& circuit level optimisations(typically
peephol®@ptimisationtoimprovethequalityof thegeneratedircuit. In choosingo perform
handsha& expansionand handsha& re-shufflingalong with the generalprobe primitive
Burnsimposesa greatresponsibilityon the compilerto perform correctmanipulationof

the input description. The considerablysimpler Tangramcompiler may be more easily
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validatedasthetransformatiorfrom Tangramto handsha& componentss moretransparent
andreliesheaily onthechannebearingnatureof thehandsha& circuit descriptve form to
preserethenotionof theabstractommunicatiorprimitivesof thesourcdanguagento the

targetrepresentation.

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

A lisp-like form of the concurrentprogramminganguageOCCAM is the input language
of Brunvand’s compiler OCCAM is for the mostparta concretesyntaxform of CSPwith
practicaldatatyping and supportfor the compositionof processesvhich communicateoy
channelconnectedorts. Brunvandtamgets2 phasebundled-datamplementationsisinga
componensetsimilar to that of the micropipelinedesignstyle. This includesthe 2 phase
micropipelineselectthetransitionarbiter the call block, C-elementmeige (XOR gate),the
toggle,the Q-select(a modified form a select) a registerelementandthe ‘enable’module
which allows the gatingof anincomingchannelontoa bus. The modulesareimplemented
in standardell logic gateswith the bundlingconstraintbeingmetby theuseof long control

pathsanda gooddoseof luck in thelayoutphase.

7.3.2.1. Channel primitives: Unidirectional channels

Theinput notationdoesnot allow the explicit designatiorof passve andactive ports. In this
senseortdescriptionsesembléfangram.Synchronisingommunicatiorportsareactivein
naturewith synchronisatiorbeingformedby the useof a C-elemenfoining requestgrom
bothportsin acommunicatiorio theacknavledgementsf eachport. Thisisidenticalto the
useof Synchcomponentso connecsyncchannelsn BalsaalthoughBalsachannelsnaybe
extendedo connectmorethantwo portsby theplacemenof amultipleinputSynccomponent.
OCCAM considersa data-bearinghannelto connecta singleoutputto a singleinput and
soBrunvandimplementsactive outputsandpassve inputs. Compositionof port connected

processesanbeachiezedsimply by connectingport pairstogether

Theuseof passve input portsdoesnot imply thatsuchcircuitsaredata/ incomingrequest

driven. Thesynchronising-elemenpresenin thesynccommunicatiorms hiddenin theinput
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portstructureof adatabearingchannel.In thiswaythesymmetryof thesynccommunication
is preseredandthe structureof connection®f databearingchannelsimplified. Tangram
requiresanadditionalexternalcomponent{one,or a combinationof: SynchPushSynchPull
and ForkPush)to form this synchronisatiorasthe compositionof processesonnectedy
broadcasthannelsnayinvolve morecomplicategynchronisationthanarepossiblewith the
simplepassveinputportapproach.TocombinesequentialritestoasinglechannelTangram
makesuseof theCallPushandCallPullcomponents multiplex dataontoacommonchannel
whilst steeringcontrolevents. Brunvandseparatethis multiplexing into tristatebusdriving
Enablecomponentén the outputport structureshemseles. Postcompilationoptimisation

is usedto remove thesecomponentsvhereno multiplexing is required.

7.3.2.2. Input selection

The semanticof channelcommunicationguardedselectionis similar to CSP The guard

communications sequencewith thecommandt guards.Thestatement:

(Alt
((True(?chanl))

(body1))
((True(?chan2))

(body2)))

is the basic two input selection. Brunvand recognisesthe difficulty of implementing
selectionwherethe selectioncommandmust be actvatedaspart of a larger circuit. This
problemis solvedin Balsaby theuseof the DecisionWait componen{whichis alsosimilar
to Burns’unary dataencodedchoice)to introducean activation channelinto the pathsof

the guardchannels.Brunvand exploresseveral possiblesolutionsto this problemusing a
round-robinpolling ring to selectthefirst inputchanneto becomeavailable. Thisallowsthe
implementatiof anAlt (selectionfommandvhichchoosefromtheinputchannelsn some
predefinedrder A fairform of Alt isalsopresenteevhosemplementatiomasinternalstate
which allows preventionof thecasewhereoneguardchanneis servicedn preferencéo the

othersdueto its positionin the sourcedescription.
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Thedescriptionof enclosingoehaioursis not possiblen thisnotation. Theuseof repeated
synchronisatiomn a syncchanneis usedby Brunvandin examplego give a similar effect.

No distinctionis madebetweerarbitratedandunarbitratedormsof Alt.

7.3.2.3. The Compilation Approach

Emphasiss placedontheuseof post-compilatioroptimisationto improve uponagenerated
circuit. Thisisthesameapproachusedoy boththeTangranmandBalsacompilers.Handshak
circuit netlistsdiffer in their useof channelgatherthansignalsto connectcomponents A
handshag& circuit optimiser must thereforebe carefulto ensurethat no channelremains
unconnectetib a componenbr anexternalport. Theuseof ContinueandHalt components
makesthis possible. The pre-optimisatiorcircuits generatedy Brunvands compiler may

have danglingsignalswhichimply theneedto prunecomponents.

7.4. Future work

Futuredirectionsfor work to completethe Balsasysteminclude:

*  Completion of breeze2gtes, production of standardcell (and possibly FPGA)

implementationsf Balsadesigns.

* Improvemenbf thesimulationenvironmenttoincreasepeedndallow for ‘sourcelevel

delugging’by taggingsimulationchannehameswith codepositions.

*  Workonthetimingaspectsf standardell place& route. Thetiming constraintsvithin
an asynchronousircuit make it impossibleto trust the untimedlayout of gatesby a
conventionalsynchronouglace& routetool. Eithernew layouttoolswill beneededr

asystemati@pproactto post-layoutiming verificationmustbedeveloped.

* Introduction of parameterisabl®alsa proceduresn the samemannerthat Breeze
componentsmay be parameterised Best use of the for commandand arrayed
channelganbemadewhereprocedureareallowedto take parameterandwherethose
proceduresanbewrittenin anunparameterisefirm into anoutputBreezdile for later

inclusionin otherBalsadesigns.
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* improvedarrayconstructiorexpressiongndelementextractionsoperators.

* aBreeze-lilkesublanguagr describingyatelevel structuratircuits. Thismaybeuseful
for hand-craftinglesignsuchasALUs to getaroundhelack of expressvenessn Balsa

expressionsvithoutresortingto the excessve useof explicit localchannels.

* deluggingcommandsVHDL like assertionsand possibly /O operationswhich are

ignoredfor synthesisut usefulin simulation.

«  Creationof corvincing example implementationsallowing automaticallygenerated
Balsadesigngo be comparedik e-for-like with handdesignedasynchronouslesigns.

Comparisonsvith synchronougmplementationsf similar designsmayalsobe useful.

«  Theformal specificatiorof the semantic®f Balsa. This mayallow Balsadescriptions
to be transformednto a form suitablefor ‘model checking'with developingRainbav

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

A.l. Balsa source

--  SSEMmodel 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 SSEMiInst 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) s

local
variable Cl, ACC: Word
variable Pl : Word
variable Stopped : bit
variable ACC_slave, CIl_slave : Word
variable MDR: Word

--  Memory operations, shared procedures
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A.l. Balsa source

shared MemoryWrite is

begin
MemRNW- O ||
MemA<- ((PI as SSEMinst).LineNo as Word) ||
MemWk- ACC_slave

end

shared MemoryRead is

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

end

-- Local procedures

procedure  IncrementCl is
begin Cl slave = (CI + 1 as Word) end
procedure InstructionFetch is
begin MemRNW- 1 || MemA<- Cl _slave || MemR-> Pl end
procedure  DecodeAndExecutelnstruction is
begin
case (Pl as SSEMinst).Func  of
JMP then MemoryRead(); Cl_slave := MDR
also JRP then
MemoryRead(); Cl 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 ACCis negative

then Cl slave = (CI + 2 as Word) end

also STOPthen 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();
DecodeAndExecutelnstruction()
end;
sync halted; halt --  STOP instruction effect
end
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A.2. Breeze output

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 SSEMFuncis 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 bhits;

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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A.2. Breeze output

sync
pull
sync
push
pull
pull
pull
push
sync
pull
pull
pull
push
sync
pull
pull
pull
pull
pull
push
sync
pull
push
sync
pull
sync
push
sync
push
pull
sync
pull
push
sync
pull
push
sync
pull
pull
pull
pull
push
sync
pull
sync
pull
push
sync
pull
push
sync

#23

channel #24
#25

channel #26 :
channel #27,#28
channel #29 :
channel #30 :
channel #31 :
#32 #33,#34
channel #35 :
channel #36 :
channel #37 :
channel #38 :
#39,#40,#41
channel #42
channel #43,#44
channel #45
channel #46
channel #47
channel #48
#49 #50,#51
channel #52 :
channel #53 :
#54 #55,#56
channel #57
#58

channel #59 :
#60

channel #61 :
channel #62 :
#63

channel #64
channel #65 :
#66

channel #67 :
channel #68 :
#69,#70
channel #71 :
channel #72 :
channel #73 :
channel #74
channel #75 :
#76

channel #77 #78
#79

channel #80 :
channel #81 :
#82

channel #83 :
channel #84
#85

1 bits

1 bits
32 bits

33
32
32

32
33
32
32

bits
bits
bits

bits
bits
bits
bits

1 bits

33

34
32
32

32
32

32

bits
bits
bits
bits

bits
bits

3 bits

3 bits

32
32

32
32

bits
bits

bits
bits

1 bits
1 bits

1 bits

32
33
32
32

bits
bits
bits
bits

bits

1 bits

1 bits
1 bits

32
32

bits
bits
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A.2. Breeze output

$BrzFetch  (

32 :

#102,#101,#5 )

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 #1103 5 bits
pull channel #104 32 bits
push channel #1105 32 bits
sync #106
pull channel #107 1 bits
push channel #1108 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" D #119,{#72,#44 #19}
$BrzCallMux ( 32,2 : {#9,#84}#119 )
$BrzVariable ( 32,2,"ACC" #117 {#28,#118} )
$BrzMask ( 1,32,2147483648 D #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}y )
$BrzCallMux ( 1,2 : {#16,#81},#113 )
$BrzVariable ( 32,2,"ACC_slave" C #112,{#11,#101}
$BrzCallMux ( 32,2 : {#31,#38},#112 )
$BrzVariable ( 32,2,"Cl_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 )

)

)

)

)
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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 COHIBHTT )
$BrzSequence ( 4 : #76,{#70,#60,#58,#14} )
$BrzFetch ( 32 : #70#74#75 )

$BrzAdapt ( 32,33,false,false D OHTAHTI )

$BrzBinaryFunc ( 33,32,1,Add,false,false,false
HI3HT2HTL )

$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 D OHAT #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" D H#H26,{#23} )

$BrzFetch ( 1 : #25#24#26 )

$BrzFetch ( 32 : #23#21#22 )

$BrzAdapt ( 32,33,false,false D #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
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