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Abstract. We have previously developeda verified algorithmfor compiling programs
writtenin anoccame-like languagento delay-insensitie circuits. In this papemwe shav
how to retagetour compilerfor clockedcircuits. Sinceverifying a hardwarecompiler
is ahugeeffort, it is significantthatwe areableto retaigetour compilerproof without
recreatinghateffort.

Thechiefcontributionof this papeiis themethodologyisedfor retaigetingourcompiler
whichis baseduponanen modelfor systemswith bothsynchronousndasynchronous
behaior. Theretagetingproof utilizesboththeoremsgprovedalgebraicallyby handand
theoremsprovedautomaticallyby stateexploration. The techniqueof protocolcorver-
sionis usedextensively in modularizingthe proof of the clockedimplementation.

1. Intr oduction

Systemsdf communicatingorocessesgirea naturaland corvenientway to specifythe
behaior of complec digital hardware. In such systems processegxecute“asynch-
ronously”, but communicateghroughsynchronougxchange®f data.For examplethe
instructionfetch unit andinstructiondecodeunit of a processomay operateat inde-
pendentates,yet synchronizevhenthey exchangedata.While the specificatiorfor a
complex systemmay be conceptuallyasynchronougnostmoderndigital hardwareis
clocked! Themain contritution of this paperis to shav how an asynchronouspec-
ification consistingof a numberof communicatingprocessesanbe formally related

1 Throughouthis paperwe referto “clockedcircuits” in placeof themoretraditional‘synchronousircuits”
to avoid confusionwith “synchronousommunicationiwvhich neednot beclocked.
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Fig. 1. CompilerProof Structure

to a clocked hardwareimplementationln particularwe shov how to relatethe asyn-
chronousntermediatdorm of acompilerfor acommunicatingprocessdanguageo the
clockedhardwarethatthe compilerback-endgenerates.

Perhapghe greatestontribution of communicatingprocesdanguagesuchasoc-
camis the developmenif semantianodelsthatenjoy powerful setsof algebraidaws.
Theselaws malke it possibleto shav whenone systemis a satishctoryimplementa-
tion of anotherandthereforemake communicatingprocessanguagesittractive for the
designof complex concurrentsystems.The work describedn this paperis partof a
larger projectto link concurrentsystemdesignwith hardware designby developing
verified hardware compilersfor communicatingprocesdanguageslit haspreviously
beendemonstratethatcompilingoccam-like languagento clockedhardwareis feasi-
ble[PL91, WOB93], but it hasnotbeenshovn thattheintendedbehaior of thesource
languages preseredby thecompiledhardware.

We have defineda coresubsebf occamcalledJoy, anddevelopedverifiedcompila-
tion algorithmsto translatesourceprogramsnto both clocked andunclocled circuits.
The basiccompileris structurednto two componentsa front endthattranslatesarbi-
trary programsnto a collectionof primitive processethatcommunicatdy handshak-
ing andabackendthattranslateshisintermediatéorm into circuits.Figurel shavsthe
structureof the compilerandits proof. In [Bro91] we describeda compiler C to inter
mediateform, andin [WBB92] and[H+96] we provedthe correctnessf this compiler
Joy is translatednto eitherspeedndependentircuits or clocked circuits by the com-
pilers 4 and C, respectrely. We do not discussthe compilerfor speedndependent
circuitsfurtherin this paper

An importanttechniquahatwe adoptthroughouthis researclis theuseof protocol
corversionin structuringour proofs.Protocolcorversionis usedin relatingunclocled
handsha& modulesto their clocked counterpartsin contrastto other proof methods
suchasthosebasedon normalforms [HPB93, our approachallows us to exploit the
ervironmentalconstraintdmposedby the uncloclked or the clocked handsha& proto-
cols,andformulatingthe correctnessonditionsis relatively straightforvard.

Thebasichardwarebuilding blocksfor eitherclockedor unclockedcircuitshave the
property(receptveness}that they cannotrefuseinput eventsfrom their ervironment.
Sinceunexpectednputsto a circuit mayleadto aberranbehaior, it is theobligationof
the circuit’s environmentto provide input only whenthe circuit is ready The simplest
way to guaranteeatishctionof this obligationis for the circuit andits ervironmentto
agreeupona basiccommunicatiorprotocol.We usea basicsetof “handshak” proto-
colsto guaranteghatthecircuitsgeneratedby our compilerdo notdiverge.

Theremaindepof this papelis organizedasfollows. We presenbur semantianodel
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and,without proof, someof the algebraicpropertiest enjoys in Section2. We briefly
andinformally discussloy andits intermediatdorm in Section3. Thetranslatiorfrom
Joy to its intermediatdorm wasinspiredby thework of vanBerkel etal [vB93] oncom-
piling “handshak processesinto delay-insensitie circuits,andhasbeendescribedn
detailpreviously [WBB92, Bro91]. Sectior4 introducesrotocolcorversion the proof
techniquewe usein verifying our clockedcompiler anddiscussesa form of refinement
in our semanticmodelthat allows the behaiors of our unclocked intermediateform
andclockedrealizationto berelated.In Section5 we outline the correctnesgroof of
our compiler andexaminethe implementatiorof someclocked componentsn detail.
Thetranslationfrom Joy to clockedcircuitswasinspiredby the work of PageandLuk
[PL91]], andtheproofemploysthe protocolconversiontechniquentroducedoy Brown,
Luk, andO’Leary [BLO96]. Section6 containssomeclosingremarks.

2. Model

Thissectiornpresentshehighlightsof ourmodelof circuitbehaior, discusseatgreater
lengthin [O’L95, OB97]. Our modelis basedn avariantof tracetheorydevelopedby
Tom Verhoef [Ver94. Our modeldiffersfrom Verhoef’s in thatwe usetwo typesof
events— directedasynchronougventsand undirectedsynchronousvents.No com-
ponentcan be preventedfrom producingasynchronougventsat its outputsand no
componentanpreventasynchronousventsfrom arriving atits inputs.In contrastary
componentanpreventa synchronougventfrom occurringsimply by refusingto par
ticipate.We useasynchronousventsto modelthe communicatiorthatoccursbhetween
hardwarecomponentgonnectedy wiresandwe usesynchronougventsto modelthe
clocksthatare are usedin digital hardware. The existenceof theseclocksallows the
digital designerto ignore mosttiming propertiesprovided the period betweenclock
eventsis sufficiently long. For example,in a systemconsistingof both combinational
gatesandclockedregisters the usualassumptions to treatthe combinationalogic as
a functionwithout delay Ratherthanmodelingdelaydirectly and computingwhether
the clock periodis “long enough”,we modelclocksby allowing the componentshat
sharea clock eventto preventthe eventfrom occurringuntil they areready Although
addinga specialclock eventto modelthe passagef time seemsan obviousapproach,
we foundonly onesimilar modelreportedn theliterature[Bur89].

2.1. Overview
Figure2 shavsawire W with inputa andoutputb. Thearrown froma to b is thesymbol

for a wire that we will usewhenwe draw block diagramsof circuits. The inputs of
thewire, denotedW, aretheset{a}, andthe outputsof thewire, denotedoW, arethe
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set{b}. Behaiors are describednformally using statediagrams,n which we mark
eachstateaccordingto its “progressveness” Stateswhich a systemneednot leave are
marked O. Statesmarked O areoneswhich a systemis boundto leave by performing
anoutput.Thus,the statediagramof thewire in Figure2 capturegherequirementhat
eachinputona causesnoutputonb, by markingstatel astransient(d). Inputevents
aredenotedin our diagramsby a trailing “?” and outputsby a trailing “! ”. We also
obsenethecorventionsthatthedarkenedstatein our diagramsdenotegheinitial state,
andlike-numberedtategfor example,state0 of thewire) areidentical.

Figure2 alsoshaws asimpleclockedcircuit element-thedelayD — andits beha-
ior. Clocksaretreatedasa classof eventsdistinctfrom inputsandoutputs(the setof
clock eventsof thedelay denotedD, is theset{tock}.) Clock periodsaredemarcated
by occurrencesf t ock. Fromits initial statethedelaycaneitherreceve ab eventor
not; if ab eventis recevedthenac eventwill beemittedin thefollowing clock period.
Our intentis thateventsin the behaioral modelshouldcorrespondo unit-width volt-
agepulsesin a physicalcircuit, with aneventbetweert ocks signifyinga 1 bit andthe
lack of aneventsignifying a 0 bit. We chosethe pulseinterpretatiorof eventsto make
it easierto relateabstracteventsin our compilers asynchronougtermediategform to
concreteeventsin theclockedimplementationTheorderingof eventsbetweertwo suc-
cessiet ockscarriescausalityinformationthatis essentiato building thisrelation.The
pulseinterpretatiorof eventsrequiresarestrictionon behaioral modelswe consideiit
anerrorif two eventsarrive on a singleinput betweertwo t ocks, andwe refrainfrom
generatingnultiple eventson ary outputbetweert ocks. Onefunction of the protocol
converterswe introducein Sectiond will beto ensurehatthisrestrictionholds.

For a clockto tick, all componentshatsharethe clock mustcooperateStatesrom
which at ock departsare not generallydeemedprogressie ({0) unlesssomeoutput
eventis also possible,sincethe occurrenceof thet ock event canbe blocked by an
unwilling componenthatsharesheclock. Therequiremenfor cooperatioramongall
componentsllows usto capturegheassumptiondistributedamongall componenté a
circuit, thatthe clock periodis sufiiciently long. Any physicalrealizationof oneof our
specificationgnust satisfy this assumptionlf clocksweretreatedasordinaryinputs,
our modelswould needsomeadditionalmechanisnto incorporatehe assumptiorthat
theclock periodis long enough.

Eventsthat are neitherinputs nor outputsnor clocks of a systemcauseno state
change.Thus,in a systemcomposedf the wire W followed by the delayD, W can
allow any numberof clockticks to passetweerreceiptof aninputeventa anddelivery
of its outputon b, while D enforceghatexactly oneclocktick passbetweernts inputb
andits outputonc.

In additionto theindifferentandtransientabelsdescribedibore, statescanalsobe
labeledwith A, L, andT. StatesmarkedA, like O-statesarenotindifferentto progress.
Unlike O-statesthe onusis uponthe ervironmentto force progressy supplyinginput.
1 markserroneousor “interfering” states— a systementerssucha stateif it receves
aninputit is not readyto acceptandits behaior is completelyarbitraryafterward. T
marksunreachablstates.T and_L statesnormallydo notappeain our statediagrams;
we obsene the corventionthatarny unspecifiednput transitionleadsto a L state,and
ary unspecifiedutputor clock transitionleadsto a T state.

2.2. Trace Model of Systems

Following Verhoef [Ver94, we assumauniversalsetZ of eventsandcall anelemenbf
>* atrace A systenSis formally characterizeth termsof its inputeventsiS, its output
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eventsos, its clockscs, its hidden(internal)eventshS, andits enhancedtharacteristic
function(ECF)fS, atotalfunctionmappingracedo statdabels(Z* — {T,0,0,A, L }).

S=(iS,0S,cS hs,f9)

We requirethatiS, oS, ¢S, andhS be pairwisedisjoint, andwe definethe alphabebf
SaS=iSuoSuUcSuU hS. Thesetof systemawith inputsl, outputsO, andclocksC is
denotedsy'5(1,0,C).

As asimpleexample thewire of Figure2 correspondso the system

W= ({a},{b},{},{},fW)

Weusea“.” to denotefunctionapplication sothe notationfW.o shouldbereadas“the
ECF of W appliedto tracec”. The ECF of the wire canbe describedusing regular
expressionas

fW.o foro1 {a,b} € (a
foro1 {a,b} € (a
foro 1 {a,b} € (ab)*b(a+ b)*

foro 1 {a,b} € (ab)*aa(a+ b)*

whereo 1 {a,b} is thetraceobtainedby removing from o all elementsut a andb.
Systemsn our modelcanbe manipulatedvith threestructuraloperatorsFirst, the
eventsof a systemcanberenamedaccordingo a bijection® : ¥ — .
Definition 1. ®.S= (®.(iS), P.(0S), P.(cS),d.(hS), d.(fS)), where,for all o € ¥,
(®.f9).0 =S (®L.0)).
Secondcertainoutputeventsof a systemcan be corvertedto internal eventsby
meanf the hiding operator\”.
Definition 2. S\H = (iS 0S\ H,cS hSUH,fS) providedH C oS

Finally, the parallelcompositionof systemsSandT (written S|| T) is definedin
termsof a compositionoperatori ontracelabels:

=400

F> oo

IR
FoooH o
F>oOoH0
o> O
e

I canbeunderstoodsfollows. T statesareintendedto modelstateghatwould be
unreachable aphysicalimplementatiorof thesystemSo,thecompositiorof two sys-
temsis in anunreachablstateif eitherof its constituentss. Supposaeitherconstituent
isin anunreachablstate If eitherelemenisin a_L state thentheircompositiorisin a
L state.Finally, supposeeitherconstituenisin a T nora L state.Thenthesystemis
transientf eitherof its constituentss transientjt is demandingf neitherconstituenis
transientandoneis demandingandit is indifferentotherwise.

The compositionof systemss definedonly whenSandT meetcertainconstraints:
SandT mustnothave outputsin common gventsthatareclocksin Smaynotbeinputs
or outputsor T, andvice versaandtheinternaleventsof eachsystemmustnotinterfere
with thevisible or internaleventsof theother

Definition 3. If 0SNoT =0, cSN(iTUoT) = (iISUOT)NcT =0, andhSNaT = asSn
hT =0, then
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S|| T =((iSUiT) \ (oSuoT),oSuUoT,cSUCcT,hSUhT,f(S|| T))
where(Vo:0 € Z* : f(S|| T).0 =fS.olfT.0).

2.3. Satisfactionand equivalence

The centralquestionin a modelof systembehaior is: whencantwo systemse used

interchangeably®ore generallywhencanasystenbesafelyusedn placeof another?
Thereis a naturalorderingamongstatelabels,T 3 030 JA O L. We saythata

systemSis correct(written CorrectS) if no reachablestateis marked L or A.

Definition 4. (Verhoeff) CorrectS < (Vo:o0€Z*:fSg10)

We thensaythatanimplementatiors satisfiests specificationl' (written SsatT) if
andonly if Soperategorrectlyin arny context U in which T operatesorrectly

Definition 5. ForST € $95(1,0,C),

SsatT «—
(WU :U € §95(0,1,C) : Correct(S||U) < Correct(T ||U))

= is reflexive andtransitve, andthe sat relationinheritsthesequalities.sat is there-
fore a preorderNoticethatin theformal definition of satishction,we restrictcontexts

to thosewhoseinputsare exactly the outputsof Sand T, andvice versa.The system
andits context arethereforeclosedn thesenseahattheircompositiorhasno“dangling”

inputs.

Definition 6. (Verhoeff) SequT <= SsatT AT satSO

equ is reflexive, symmetric,and transitve, and is thus an equivalencerelation. Fur
thermore,relabeling,hiding, and compositionare sat-monotonicandthus equ is a
congruence.

An importantresultin the theoryis thatthereis analgorithmto reduceary finite-
statesystenil to acanonicaform calledthecompositefT (denotedT); furthermore,
for finite-statesystemsSandT, SsatT canbeprovedor disprosedby exploringthestate
spaceof S||~ [T]2. This resultis the basisof the modelcheckingsoftwarewe usein
verifying our compilet

We closethis sectionby statinga numberof algebraidaws our structuraloperators
enjoy. Thelaws arethoseof a circuit algebra [Dil89], andcodify somebasicintuition
aboutstructuralhardwaredescription.For example,law 5 stateshatrenamingthein-
ternalconnection®f a structurehasno effect on its behaior. We will make extensve
useof themin verifying the compilet

Theoreml. Let®d: X — X, W: X — X bebijectionsand1 betheidentity functionon
>. Then,

1. 1.SequS
2. Y (.9 equ(PoW).S
3. S\ 0equs
4. S\C\Dequs\ (CuD)

2 ~isa‘reflection” operatomappingL stateso T statesandvice versaA statego [ stateandvice versa,
andO statedo O states.
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5. ®.(S\C)equ(®.9)\ (®.C)

6. S| TequT || S

7. (RIS (| TequRl| (S| T)

8. O.(S|| T)equ(®.9) || (.T)

9. (S\C) || (T\D)equ(S||T)\(CuD)ifaSnD=CnaT =0

O

3. Joy andits Intermediate Form

Our sourcelanguage,Joy is a “core” subsebf occam[Jon87. In this sectionwe intro-
duceJoy andits compilationto an intermediateform. The picture we presenthereis
necessarilyncomplete- for acompletediscussionthereadelis directedto [WBB92].
Thediscussiorin this sectionis derivedfrom thatin [BLO96].

Thesimplestloy processs skip whichterminatesvithoutchanginghestateof vari-
ablesor channelsMore interestingis assignmenty := B, which assignghe value of
expressiorB to variablev. In Joy, expressiongindvariablesarerestrictedto Booleans,
althoughthe extensionto allow othertypesis straightforvard. Joy processegsanbe
combinedby sequentiatomposition(Py;P,), or parallelcomposition(P; ||c P»). In par
allel compositionthe setof communicatiorchannelsC over which the combinedpro-
cessesommunicates hidden.

To allow Joy processet executeconditionallyanditeratively, we introducetheno-
tion of guardedprocessestheprimitive guardedprocesd3 — P is executablevhenthe
boolearguardexpressiorB is true;its executionsucceedghenP completesxecution.
If theguardexpressiorB is false,B — P is saidto fail. Two guardedprocessemaybe
composedo yield a third using [, the “else” operatorIn the guardedprocessG | G2
we requirethatexecutionof G, beattemptednly if executionof G, fails. Thecompos-
ite succeed# eitherG; or G, succeedsandfailsif G; andG; bothfail. Theconditional
if Gfi attemptgo executetheguardedprocesss until it succeedsTheiterative doGod
repeatedlyexecuteghe guardeccommandG until G fails.

In Joy, communicatiorbetweerparallelprocessess directed thoughno valuesare
passedThe process! awaits synchronizatioron channelc. We referto c! asa send
synchronizatioroccurswhenareceve —c? —is evaluatedaspartof a guardexpression
in anotherprocessThe combinationof guardedrecevesandunguardedsendsallows
Joy to emulatethe value passingchannelof occamusinga one-hotcode(thatis, one
channebpervalue).

TheguardedorocesB& c? — P is executabldf B is trueandanotheiprocessexe-
cutesthe matchingcommandc!. At mostonereceve is allowed perguardexpression,
andwe only allow recevesin guardscontainedin conditional(if) statementsThere
areotherstaticrestrictionson the useof channelsaandvariablesthat aresimilar to the
restrictionsimposedby occam:channelsmusthave exactly one sendingand onere-
ceiving processandvariablesnustnotbeaccessetly two or moreconcurrentlyactive
processes.

The Joy compilertranslateg®achsourceprograminto anintermediatdorm consist-
ing of a netlist of basicmodulesconnectedy wires. Eachbasicmodulecorresponds
directly to a Joy languageconstruct.For example,Figure 3 shavs the netlist of basic
modulesproducedor the simpleJoy programskip ; skip.

The basicmodulesin a netlist communicatehroughhandshakingrotocols.The
Skipmodule,shovn in Figure4, providesa simpleexample.Executionof Skipis trig-
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]

Skip Skip

Fig. 3. Netlistfor theprogramskip ; skip

r a

l T r? al

Skip ol N\ {10

Fig. 4. Intermediatenodulefor skip

geredby receiptof aneventonr ; Skipsignalsits terminationby emittinganeventon
a.

Eachbasicmodulehasone or more handshak interfaces;eventson somewires
triggerthe executionof a moduleor its neighborswhile eventson otherwires signal
thecompletionof execution.Figure5 shavstheintermediatanodulecorrespondingo
the sequentiatompositionof two processesiVhentriggeredby receiptof aneventon
r, Seqstartsthe first processin the sequencéy emitting an eventon ar. Whenthe
first programsignalsterminationvia an eventon aa, Seqgstartsthe secondorogramby
emittinganeventonbr . Segsignalsits own terminationby emittinganeventon a after
it hasreceved a terminationsignalfrom the secondprogramon ba. Note that,to an
obsener who canseeonly eventsonr anda, the netlistsof skip andskip ; skip are
behaiorally indistinguishable.

Figure6 illustratesthethreetypesof handshakininterfaceswve usefor inter-module
communicationThe control interface,usedby Skip and Seq consistsof requestand
acknavledgmentsignals,corventionallylabeledr andg. Thereadinterfaceis usedin
expressionand guard evaluation.Evaluationof P is triggeredby receiptof an event
onr from A, andterminateswhenP returnsan eventon eithera0 or al, signifying
thatthe valueof P is 0 or 1. The write interfaceis usedto assignvaluesto variables:
the Booleanvalueto be assigneds encodedbnr 0 andr 1, andthe variablereturnsan
acknavledgmenbna whentheassignmenis complete.

As an exampleof a modulethat hasboth readand write interfaces,considerthe
specificationfor a booleanvariableillustratedin Figure7. ThelabelsO, 1 in the state
diagramdenotethe indifferent statesin which the variable holdsthe values0 and 1
respectiely (initially thevariablecontainghevalue0).

We have previously shovn that, in the netlistsour compilergeneratesyheneer a

r a

]

ar <— <« br r? War!ﬁaa’?wbr!ﬁba’?wa!
aa—>8eq—>ba 0. L L DO

Fig. 5. Intermediatenodulefor sequentiatomposition
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Fig. 6. Handshak Interfaces
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a0 Var
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Q==

Fig. 7. Abstractvariablespecification

modulewishegto transmitaneventonawireits partneris willing to receveit [WBB92].
Furthermorethenetlistswe generataredelay-insensitiein thefollowing sensewires
of arbitrary delay may be insertedin the handshak interfaceswithout affecting the
correctnes®f the circuit’s behaior. We will take advantageof the delayinsensitvity
of the intermediatenetliststo introduceprotocol corvertersthat incorporatedelay as
describedn the next section.

4. Protocol Conversionand TimewiseSatisfaction

Theideabehindprotocolconversionis extremelysimple.Considertwo element$ and
Q, communicatingria a protocolA. We wish to derive a pair of modifiedelements’
and Q@ thatcommunicatevia protocol B. Thefirst stepto accomplishthis is to insert
a matchedpair of corverters— onecorvertingprotocol A to protocolB, andthe other
convertingB backto A —betweerP andQ. This transformationis illustratedin Figure
8.

The secondstepis to obtainelements’ andQ' thatdo notrequireary corverters.
We startby computinghejoint behaior of P andthe AB corverter(shavn atthedashed

O===C)
;

@)A AB BA A(@

Fig. 8. Protocolcorversion:transformatiori
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Fig. 9. Protocolcorversion:transformatior?

]

Abstract

Concrete

Fig. 10. Abstract(unclocled) andconcretgclocked) protocols

boundary) Theresultof this computatiorsenesasthe specificationof P/, andary P’
meetingthespecificatioris allowed.Q' is obtainedn asimilarway. Thistransformation
isillustratedin Figure9.

How doweknow thesdransformationpresere correctnessPhemostdifficult step
to justify is thefirst one,andthe propertythatwe mustprove is thatof transpaency
Informally, the transpareng propertystateshatP andQ cannottell the differencebe-
tweendirectcommunicatiorwith oneanotherandcommunicatiorthroughthe pair of
protocolcorverters.

Thesecondransformatiorsimply requiresproofsthat

P’ sat(P||AB) and Q sat(BA||Q)

Themonotonicitypropertyof satishctionin ourtheoryensureghatthis transformation
preserescorrectbehaior in all contexts.

The principal function of the protocol corvertersin our proof is to add clocking
informationto the unclocled specificationsFigure 10 shavs the abstractunclocled)
handsha&above the concretgclocked) handsha&it correspond$o. Theverticallines
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in the clockedhandshakrepresenticks of a globalclock. Thesearemodeledby t ock
eventsin thetheorydevelopedin Section2.

Abstracteventsonr anda arerepresentedoncretelyby unit-width voltagepulses.
Intuitively, thecorrespondendeetweerabstracandconcretdevelsis fairly straightfor
ward becauseherearethe samenumberof requesiandacknaviedgeeventsin the ab-
stractandclockedprotocols;however, the clockedprotocolrequiresaventsto be sched-
uledto occurin specifictime slots.Our mappingto concretesventsallows at mostone
eventperwire in eachclock period.

To formally relatethe behaviors of unclocked andclocked systemswe introducea
variantof satishctioncalledtimewisesatisfactiorthataccountgor thefactthatprogress
in a clocked systemcanbe drivenby the passag®f time. For example,the unclocled
wire W of Figure2 entersa transientstateandis readyto emit an outputimmediately
uponreceiptof aninputona, but the clockeddelayelementD shavn in thesamefigure
needsone tock beforeit entersa transientstateandis readyto emit an output. It is
clearly not the casethat D sat W, whatis neededo relateD andW is a definition of
satishctionthatrecognizeshatit is possiblefor D to “catchup” to W astime passes.

We begin by defininga new correctnesgredicatethat allows a system(thatis, a
compositionof modules)andits contet to temporarilyentera “demanding”(A) state,
if the systemis sureto leave the A statewithin a finite numberof clock eventsfrom
a setC. In contrastthe correctnesgredicateof Definition 4 forbids A statesentirely.
In neitherpredicatedo we tolerate L statespecausesuchstatesaresymptomaticof a
brokensystem.

Definition 7.

Correce.S<= (Vo:0€Z": fSoJ0OV
(fSo=AA(Fp:peC :fSopI0O)))

A systemsS timewise satisfiesT if, whenT operatescorrectlyin a context U, S
eventuallyoperategorrectlyin the samecontext.

Definition 8. For Se $9.5(1,0,CUC') andT € 59°5(1,0,C),

Stwsatgy T <—
(WU :U € $975(0,1,C) : Correcty.(S||U) <= Correct(T || U))

Note that in the definition of twsat, S potentially hasmore clock labelsthanT,
hencetwsat canbeusedto relateclockedandunclocledsystembehaiors. Also, notice
thatCorrectS=> Correct.S, soit followsthatsystemselatedby sat arealsorelated
by twsat.

Theorem2. SsatT — Stwsatc T, whereC C cSandcS=cT. O

Like sat, twsat is reflexive andtransitive, andall our system-hilding operatorsare
monotonicwith respecto twsat.

To illustrate the use of the above resultsin the correctnessproof of our clocked
compiler wewill provethetransparengof protocolcorverterdor thecontrolinterface.
Thesecorvertersshovnin Figurell,captureanimportantdecisionin thedesignof the
clocked Joy compiler:we requirethatall Joy programgake at leastoneclock cycleto
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Fig. 11. Clocked protocolconvertersfor the controlinterface
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Fig. 12. Forgiving wire andclocked wire

execut€. The corverterfrom the unclocked abstractprotocolto the clocked protocol
(top) assumeshatthe clocked acknavledgment a mustlag the clockedrequest r by
atleastoneclockcycle—it is anerrorfor t a to arrive too early. The corverterfrom the
clockedto unclocledprotocol(bottom)enforcesthatt a lagst r .

To helpusprove our clockedcorverterpairstransparentye introduceacomponent
calledaforgiving wire, shovn asFW in Figure 12. For comparisonthe behaior of a
clockedwire is alsoshavn in the samefigure®. Theforgiving wire hasthreeinteresting
propertiesFirst,it maychoosdo passarecevedinputto theoutputimmediately(taking
thetrace{a? b!,tock)) orit maychooseo delaythe outputoneclock cycle (takingthe
trace(a? tock,b!). Statel of the forgiving wire is a O (indifferent) statebecauset
is up to the wire to “decide” whetherto immediatelyproducean outputb! or wait. If
the wire waits, it is thenforcedto emitb! without further delay hencestate2 of the
forgiving wire is O (progressie). Thevariabledelayof theforgiving wire will allow us
to introduceprotocolcornverterswith variabledelays andultimatelywill allow ussome
freedomof implementationAll our corverterseitherdo not delay or delayonly one
clock period.

The secondpropertyearnsthe forgiving wire its nickname:it is ableto absorba
seconda? input after the trace (a?,b!). The needfor forgivenesscan be understood

8 Requiringthatall programscontaina delayis a simpleway to ensurethatno loopsof combinationalogic
occurin thecompilers output.

4 After receving aninput, the clocked wire deliversits outputbeforeallowing t ock. In contrastthedelayof
Figure2 alwaysperformst ock beforedeliveringits output.
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Fig. 13. Two systemsonnectedvith forgiving wires
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Fig. 14. Transparencof clocked protocolconverters

by consideringhe small systemshaown in Figure 13, in which P andQ communicate
throughthe abstrac{unclocked) handshak& protocol. SupposeP initiatesa handsha&
by sendinga requeston r, the requests propagatedo Q without delay Q acknawl-
edgeswithoutdelay andP recevestheacknavledgmentagainwithoutdelay P is now
entitled, accordingto the protocol, to issuea secondrequestyet therehasbeenno
t ock. The connectingwires mustbe able to absorbthe secondrequestwithout error,
but ordinaryclockedwiresarenotableto do so.

Thethird andmostimportantpropertyof aforgiving wire is thatit timewisesatisfies
anunclocledwire.

Lemmal. FWtwsaty ooy W O

Lemmal andthemonotonicityof || providethefirst stepof thetransparengproof,
namelythattwo forgiving wirestimewise satisfytwo unclocledwires.To completethe
transpareng proof, we shav thata connectegair of corverterssatisfiegdhencetime-
wise satisfiesby Theorem2) two forgiving wires. In this stepwe mustsupply some
informationaboutthe handsha& protocolfollowed by the Joy compilers output;the
model checkingtool describedin Section2.3 is then able to establishthe property
automatically Figure 14 shavs the handsha& constraintsrequired,and the relation-
shipsthat were proved amongcorwverter pairs, a constrainedpair of forgiving wires
and constrainedpair of unclocked wires. The handshakingonstraintsareintroduced
by composinghemin parallelwith thewires.By Theorem2 andtransitiity of twsat,
the clocked corverterpair thereforetimewise satisfiesa pair of unclockedwiresif the
properhandshak protocolsareobeyed.

Theorem 3. If handsha&protocolsareobeyed,then
(UC.(a,@") || CU.(&",d)) \ {&"} twsatyy,c) WIRES(a, &)
O

Becausehe handshakingnodulesin our intermediatenetlist are delay-insensitie
(thatis, insertingextra wires betweenmodulesdoesnot affect correctness)a netlist
with clocked corverter pairs insertedtimewise satisfiesa netlist with no corverters.
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Fig. 15. Clocked skip specification

Transpareng is proved in this way for eachtype of corverterusedin the compiler
proof.

5. Deriving a verified compiler to clocked circuits

In this sectionwe shawv how to refinethe specification®f theabstrachandshakmod-
ulesour Joy compilergenerateinto specificationgor equivalentmodulesthatcanbe
built with standarcclocked componentsusingthe protocol corversiontechniquede-
scribedin Section4. Correctclockedrealizationsof Joy programsareobtainedn three
steps:

1. We usea setof protocolcorvertersalongwith our specificationgor themodulesof
theintermediatdorm to generatspecificationgor clockedversionof themodules.

2. We thenuseanautomaticdool to checkthatour proposedlockedimplementations
satisfytheir clockedspecifications.

3. Finally the laws presentedn Theoreml are usedto tie the individual component

proofstogethey shaving that any valid Joy programhasa correctclocked imple-
mentation.

The correctnessriterion for our clocked Joy compileris thatthe clocked realiza-
tion of an arbitrary program,whenviewed throughan unclocled-to-clocled protocol
corverteratits control port, timewise satisfiests unclocked counterpart.

Theorem4. (Vp: p € JoyProg: (UC(a,@) || Cc.p-a) \ {@} twsatfy,cy C-p.a) O

Here,C is the compilationfunctionmappingJoy programgo netlistsof intermedi-
atemodulesand (¢ is the compilerfrom Joy to clockedrealizationsTherelationship
betweenC and (¢ wasillustratedin Figurel.

The proof of Theorem4 is by inductionon the structureof Joy programs.Space
constraintgpreventour presentingheentireproofin this paperinsteadwe will present
severalillustrative caseghat demonstratéhe useof our automaticverifier in deriving
clocked realizationsof individual modules,andwe will outline theinductive proof of
Theoremi.

5.1. Clockedrealization of handshake components

We now illustrate how our protocolcorvertersare employedto derive clockedimple-
mentation®f two simplecomponentsRecallthattheJoy programskip is implemented
by theintermediatenoduleSkip whosebehaior is shavn in Figure4. Figure15showvs
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Fig. 16. Clocked skip realization
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Fig. 17. Clocked specificatiorof sequentiatomposition

the behaior of Skipwhencombinedwith the clocked-to-unclockdprotocolcorverter
CU; we usethe behaior of Skippluscorvertersasthe specificatiorfor alegal clocked
realizationof Skip Thetransitiongr’) and(a’) areparenthesizetbindicatethatthey
areinternalto the specificationnoeventonr’ ora’ is visible externally.

Figure16 shawvs our proposedealizationof Skip a clockeddelayelementThebe-
havior of theclockeddelayelemenis shovnin thefigurein darkarrons, superimposed
onthe behaior of the specificationInformally, we canseethatarny systemconnected
to thedelayatr, a canobsere oneof thelegal behaiors of the specificationWe will
referto our realizationasSkipC Our automatednodelchecleris ableto provethatthe
following lemmaholds.

Lemma 2. SkipCa sat (CU.(a,&) || Skipa') \{a'} O

The intermediatamodulefor sequentiatompositionprovidesa morecomplex ex-
ample.Figure 17 shaws the behaior of the intermediatemoduleandits neighboring
clocked protocolcorvertersithe behaior of theintermediatanodulealonewasshovn
in Figure5. Thetock self-loopsat statesl, 4, and7 of Figure17 represensituationsin
which Seqis in atransienstateandthe protocolcorvertersarein indifferentstates.

Figurel8shavsthesequencingnodule composeaf threeclockedwires,weusein
ourclockedJoy compiler Thefigurealsoshovsthebehavior of therealizationdravnin
darkarrows,superimposednthestatediagramof the specificationWe donotshav be-
haviors of therealizationthatstepoutsidethespecifications statediagramdueto receipt
of anunexpectednput. Thespecificatiorallows arny behaior undertheseconditions It
is againevidentfrom the diagramthatthe behaviors of SeqCarelegal behaiors of its
specificationOur modelchecleris ableto prove thefollowing result.
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Fig. 19. Clocked protocolcorvertersfor thereadinterface

Lemma3. SeqC(ab,c)
sat

5 (CU.(a,d) || Seq(a,b',c) | UC.(b',b) | UC.(c,c)) \ {&,b',c'}

The samemethodis usedto derive clockedrealizationsof all the requiredcompo-

nentstheunclocledintermediatenodelis composedvith protocolcorvertergo yield a

clockedspecificationthenwe verify thatclockedrealizationgneettheir specifications.

Theseverificationscanall be handledby the automatedverifier describedn Section2.

5.2. A Clocked Variable

To highlight someissuegaisedby a clockedimplementationywe derive a clockedreal-
ization of the handsha& componenthatimplementsa Booleanvariable. The variable
hastwo ports,onefor readingandonefor writing.
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Fig. 20.Clocked protocolcorvertersfor thewrite interface

Protocolcorvertersfor the readhandshak protocolareshavn in Figure19. Since
eventsin the abstractprotocol corresponctlosely with eventsin the clocked proto-
col, the two corvertersarevery nearly symmetric.Uponreceving aninput requesbor
acknavledgment the corvertersgeneratehe appropriateoutput requestor acknawl-
edgmentithout delay The differencebetweerthemis thatthe UC corvertermustbe
willing to forgive early requestonr recevvedin states2 and3. The(tr, ta0, tal)
interfaceof the CU corverteris clocked,anda clocked ervironmentpromiseseverto
issuesuchevents.

Figure20 shows a pair of write corverterswhich aresimilar to thereadcorverters
we just discussedThe UC corverterhasthe ability to absorbadditionalrequestgrom
the unclocled partnerafter completinga handshak but beforet ock. Both readand
write corverterpairssatisfyour transpareng propertywhenconnectedback-to-back.

We now have everythingwe needto derive the specificatiorof a clockedvariable.
Recalltheabstracspecificatiorof thevariablein Figure7. Figure21 shovstheabstract
specificatiorwith the appropriatecorvertersandthe concreteprotocolbehaior thatis
visible atthe dashedoundarysubjectto thefollowing assumption:

If areadfollows awrite, theremustbeat ock betweerthem.

Theassumptioris encodednuchasthehandshakconstraintsvereencodedn proving
transpareng and composedwith the variableand corvertersto “filter out” behaior
thatviolatestheassumption.

We needto make the above assumptioraboutread/writeorderingbecauseve wish
eventuallyto implementthe variableusinga clocked storageelementwhosestatewill
notbeupdatedintil aclock periodhaselapsedif areadwereattemptedafterawrite but
beforet ock, anincorrectvaluecouldbereturned For example from StateO theclocked
variablespecificatiorallows the sequencér?,a0!,r1? al, tock) but notthe sequence
(r1?,al,r?,a0!, tock). Of coursewe areobligedto prove laterthatthis assumptioris
justified. Thejustificationis thatprogramscomposedn parallelcannotsharevariables
duetorestrictionsn thesourcdanguageAlthoughvariablesnaybesharedamongpro-
gramscomposedn sequencer in differentarmsof aniterative or conditionalconstruct,
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Fig. 21. Clocked variablespecification
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Fig. 22.Clocked OR gate

thenatureof theseconstructguaranteethatno two subprogramareever concurrently
active. Theonly atomicprogramthatcanreadandwrite to a singlevariablein a single
clock cycleis assignmenitandits behaior ensureghatwritesfollow reads.

Thevariablesimplementatiorusesan OR gate AND gatesanda clocked SRflip-
flop. The OR gatein Figure22 respondgo aneventon oneof its inputswith anevent
on its outputc. Its specificationsuggestthat OR is beingusedasa meige — at most
oneeventcanoccuron eitherinput perclock cycle. We usea restrictedOR gatemodel
becaus®urimplementatiordoesnot requiremoregenerabehaior. In fact, the spec-
ification of this restrictedmodelis satisfiedby a more generalmodel,hence our im-
plementationgire correctwhenbuilt with standardyates.The AND gateis shown in
Figure23.

The clocked SR flip-flop shawvn in Figure 24 is the mostcomplicatedcomponent
we will use.In its initial (darkened)stateit storesa 0 andemitsaneventon gb. An
eventonits inputr causesho changein the storedstate,but aneventon s causesan
eventualtransitioninto the lower half of the stategraph,whichis amirror-imageof the

a
b— |

Fig. 23.Clocked AND gate
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Fig. 24.Clocked SRflip-flop (set-dominant)
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Fig. 25. Clocked variableimplementation

upper Our SRflip-flip is asynchronousomponengandis setdominant-if r ands are
assertegimultaneouslys wins.

With thesecomponentén handwe canbuild the clockedvariableshavn in Figure
25. At thereadside,two AND gatestransferthe valuestoredin theflip-flop outto the
reademwhenarequest is receved.At thewrite side,r 0 andr 1 changetheflip-flop’s
state®. The two requestsaremegedto form the acknavledgmentThe correctnessf
this realizationwith respecto its specification,

VarC.(r,w) sat (RACU.(r,r") || Var.(r',w') || WrCU.(w,w)) \ {r',w'}
canthenbechecledby themodelcheclerdescribedn Section2.3.

5.3. Correctnessroof for clocked Joy compiler

Clocked hardwareimplementationdor expressionsand statementsan be developed
and verified using the techniqueof protocolcorversion.In all, four setsof protocol
convertersarerequiredto demonstrat¢éhe correctnessf the clockedrealizationof the
abstracintermediatenodule$.

5 r0 andr 1 eventsaremutuallyexclusive dueto our handshad protocol.
6 We have alreadyseencorvertersfor the control, read,andwrite interfaces The fourth convertertypeis a
hybrid of the controlandreadconverters,usedto obtainclocked realizationsof guardedorocesses.
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To completethe verificationof our clocked compilationschemewe needto shav
that a clocked circuit producedby our compilertimewise satisfiesthe corresponding
abstrachetlistwith abstracto clocked protocolcorvertersatits externalinterfacesas
statedin Theoremd4). This resultcanbe proved by induction on the structureof Joy
programsysingthe algebraidaws givenin Theoreml andthe result,outlinedabove,
thatclockedrealizationgimewise satisfytheir uncloclkedspecifications.

A typicalbasecaseis for the processkip, which compilesto theintermediatenod-
ule Skipshown in Figure 4. Our abstractcompilationfunction C definesC.skip.a =
Skipa, wherea is the controlinterfacefor the module.The concretecompilationfunc-
tion (¢ defines(t.skip.a= SkipCa; theclockedrealizationSkipCwasshown in Figure
16.We have

(UC.(a,d) || Cc.skip.a) \ {a'}
= {Definitionof ¢}
(UC.(a,@) || SkipCa') \ {a'}
sat  {Lemma2 — SkipCrealizesSkip}
(UC.(a,d) || (CU.(a,a") || Skipa”) \ {a"})\ {a'}
equ {Theoreml — algebraiaeasoning
(UC.(a,@) || CU.(,a")) \ {a} || Skipa”) \ {a}
twsat {Theorem3 —transparengof UC andCU }
(WIRES.(a,a") || Skipa”) \ {a"}
equ {Delay-insensitiity of Skip}
Skipa
= {Definitionof C}
C.skip.a

A typical inductionstepinvolvesthe sequentiatompositionoperatorwhich com-
pilesto theintermediatenoduleSegshavn in Figure5. Our abstractompilationfunc-
tion C definesC.(p1; p2).a= (Seq(a,b,c) || C.p1.b|| C.p2.c)\ {b,c}, andtheconcrete
compilationfunction (¢ definescc.(p1; p2)-a = (SeqC(a,b,c) || Cc-p1.b || Cc-p2.€) \
{b,c}. TheclockedrealizationSeqCwasshavn in Figure18.We have

(UC.(3,a) || Cc-(p1i p2)-&) \ {&}
= {Definitionof (¢}
(UC.(ad) ||
(SeqC(a',b,0) || Cc.p1bl| Ce.p2.0) \ {b,c}) \ {&}
sat {Lemma3 - SeqCrealizesSeqg
(UC.(ad) ||
((CU.(&,a") || Seq(@’,b',c) ||
UC.(t,b) [UC.(c,c))\ {a",b,c} ||
Cc-prbl| Ce-p2:c) \ {b,c}) \ {&}
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equ {Theoreml — algebraiaeasoning
(UC.(a,d) ||cu.(@,a") \{a} |
Seq(@",0',c’) ||
(UC.(0,b) || Ce-pub)\ (B}
(UC.(c,c) || Cc-p2-c) \ {c}) \{a",b',C’}
twsat {Theorem3 —transparengof UC andCU }
(WIRES.(a,a") ||
Seq(a”,v,c’) ||
(UC.(,b) || Ce-pub)\ (B}
(UC.(c,0) || Cc-p2-c) \ {c}) \ {&",b',c'}
sat  {Delay-insensitiity of Seg
(Seq(@’,b',c) ||
(UC.(D,b) || Cc.prb) \ {b}
(UC.(¢',0) | Ce-p2-€) \ {c}) \ {a",b',c'}
twsat {Inductionhypothesi$
(Seq(a’,b,c) || C.pr.b' || C.p2.¢) \ {&",b',C'}
= {Definitionof C}
C-(p1;p2)-a

The remainingcasesn the proof for Joy processesre similar; similar proofsare
requiredfor theboolearexpression® andtheguardedprocesse6.

6. Discussion

The key to verifying our compiler for clocked circuits is a circuit model capableof
expressingboth clocked and unclocled behaior. We introducedsucha model,along
with anotionof timewisesatishctionwhichprovidesthelink betweertheasynchronous
specificatiorof our intermediatanodulesandtheir clockedimplementationSincethe
modelis simple,it is amenabldo a high degreeof automationhenceeliminatingthe
needo verify by handthebasecase®f ourproof. Thecloselink betweerourtheoretical
developmentandthe modelcheclerillustratesthatit is possibleto producea practical,
demonstrablygorrectprooftool.

Protocolconversionhasprovento be a usefultechniquan formulatingcorrectness
criteriaandin modularizingtheir verification. The basicideabehindprotocol corver
sion— outlinedin Section4 — is readily understandablenddifferentsetsof protocol
converterscanbe usedin deriving differenttargetimplementationsvhile retainingthe
structureof the proof [BLO96, O’'L95]. The techniqueof protocol corversionis not
merelyapplicablewithin ourtrace-basedemantienodel.For example thesimplecom-
pilation schemehatwe verify in this papercanbe improvedby replacingthe one-hot
protocolwe usefor readandwrite handshag interfaceswith a data-plus-alid proto-
col. Corvertersbetweenthe one-hotand data-plus-alid protocolscanbe constructed
of combinationallogic gates,and optimizedimplementationsierived using Boolean
algebra.

One potentialproblemwith the approachwe have takenis thatit requiresthe use
of two behaioral models— a high level modelsuchasthe failures-dvergencemodel
of CSPfor compiling to intermediateform andthe low level model of Section2 for
capturingcircuit behaior. We wish to useCSPasa high level modelbecausef the
rich algebradevelopedfor reasoningaboutCSPsystemgHoa8y. Giventhis choice,it
is reasonabléo askwhy we do not performtheentireproofwithin the CSPmodel.

Every modelfor reasoningaboutconcurrentsystemamakes compromisesThese
compromisesre mostevidentin the systemshat a modeltreatsasidenticalandin
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thosethat the model distinguishesFor example,we firmly believe that circuits (and
their environments)shouldbe consideredsreceptve. In our hardwaremodel,a speci-
ficationthatallows two outputsto be producedn eitherordercanbeimplementedy a
circuit thatproducegheoutputsin afixedorder In CSRthecircuit is nota satishctory
implementatiorbecauset canbe distinguishedrom the specificationby an erviron-
mentthatwill only acceptoutputsin the otherordet The ability of the environmentto
“refuse” eventsallowsit to distinguishtheimplementatiorfrom the specification.

Sincewe have chosento usedistincthigh andlow level modelswe arefacedwith
the problemof shawving that the descriptionsof our intermediatenodulesin the two
modelsaresomehav equivalentor atleastthatour low level descriptioris “betterthan”
our highlevel descriptionWith He Jifeng,we have recentlyshavn a Galoisconnection
betweena classof CSP processe$which includesthe CSPdescriptionsof our inter
mediatemodules)anda classof circuits (which includesour low level modelof the
intermediatenodules)Theexistenceof sucha Galoisconnectionverifiesthenecessary
correspondendeetweerthetwo models[He89.

Somereaderamay recognizethat currently our sourcelanguageonly hasboolean
variablesand synchronizatiorchannelsWe have begunwork on extendingour proof
techniguefor a more realistic languagewith facilities suchas integer variablesand
valuepassingchannelsFurtherwork mayincludejustified optimizationsof the gener
atedhardware,andthe specificatiorandverificationof externalinterfaceso memories,
busesandsensors.
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