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Abstract

This report investigatesmodelling and verifying synchronouscircuits in DILL (Digital Logic in
LOTOS). Thesynchronouscircuit modelusedhereis quitesimilar to theclassicaloneexploitedin digital
logic design,but someadditional restrictionsare applied to simplify analysis. The basic logic gate
andstorageelementmodelsaremodified from previous versionsof DILL to suit synchronousdesign.
To evaluatethe approach,two benchmarkcircuits arespecifiedandthenverified usingCADP (Cæsar
AldébaranDevelopmentPackage).

Keywords: Bus Arbiter, CADP (CæsarAldébaranDevelopmentPackage),Digital Logic, DILL

(Digital Logic in LOTOS), HardwareVerificationBenchmark,HDL (HardwareDescriptionLanguage),
LOTOS(Languageof TemporalOrderingSpecification),SinglePulser, Verification
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1 Intr oduction

1.1 Problem Addr essed

This reportsummariseswork on modellingandverifying synchronouscircuits in DILL (Digital Logic in
LOTOS). LOTOS (LanguageOf TemporalOrderingSpecification[7]) is a general-purposeformal specifi-
cationlanguage.WhenDILL wasfirst developed,it wasintendedfor bothsynchronousandasynchronous
design.This is quitenaturalbecausein therealworld mostsynchronousandasynchronouscircuitsarebuilt
from thesamebasiclogic gates(and, or, inverter, etc.). In previousversionsof DILL [9, 10] thesebasic
logic gatesweremodelledin anuniformwaysothatthey couldbeusedin bothdesignstyles.

However, afterattemptingto verify somesynchronouscircuitsmodelledby DILL , it wasfoundthatthis
uniform modelof basiclogic gatesintroducessomedifficultiesduringverification. As an examplefrom
theoriginal approach,a two-inputNandgateis modelledasfollows:

processNand2[Ip1,Ip2, Op](dtIp1,dtIp2,dtOp: Bit) : noexit:
Ip1 ? newdtIp1: bit [newdtIp1nedtIp1];
Nand2[Ip1,Ip2, Op] (newdtIp1,dtIp2,dtOp)

Ip2 ? newdtIp2: bit [newdtIp2nedtIp2];
Nand2[Ip1,Ip2, Op] (dtIp1,newdtIp2,dtOp)

(
let newdtOp: bit= dtIp1nanddtIp2 in
Op! newdtOp[newdtOpnedtOp];
Nand2[Ip1,Ip2, Op] (dtIp1,dtIp2,newdtOp)

)
endproc

In this model,inputscanacceptinput changesat any time (termedreceptivenessin someliterature),
andanoutputchangeis not forcedto occurbeforeotherinputs. In otherwords,a fastinput maypre-empt
a pendingoutput. In fact the modeladoptstheassumptionof inertial delayusedby hardwaredesigners,
whichstatesthatif theinputchangesarefasterthanthedelayof acomponent,apendingoutputshouldnot
occur. A comprehensive discussionof delaymodelsin DILL canbefoundin [10].

Althoughthismodelpreciselyreflectswhathappensin realdigitalcircuits,it resultsin non-deterministic
behaviour whenbasiclogic gatesareconnected.For instance,asshown in Figure1, supposethata Nand2
gateis built by connectingan And2gatein serieswith an Inverter. Sequenceslike Ip1!1, Ip2!1, Ip1!0,
Op!1andIp1!1, Ip2!1, i (Int!1), Ip1!0, Op!0arepossiblebehavioursof theimplementation.Thedifference
dependson whetherIp1!0 comesbeforeor aftertheoutputof theandgate,i.e.whetherthechangeon Ip1
is fasteror slowerthanthepropagationdelayof theandgate.In thefirst sequenceabove, Ip1 is a fastinput
changethusthependingoutputis pre-empted;Op staysat 1. However in thesecondsequenceabove, the
outputof theand2gateoccursbeforeIp1!0, soit is possiblefor theInverterto produceOp!0. If thecircuit
is examinedjust by observingtheexternaleventsof thecircuits, its behaviour appearsnon-deterministic:
afterthesameinput sequence,theoutputmaybedifferent. In fact thecircuit is deterministicprovidedthe
propagationdelayof eachcomponentis known andthetimeswheninputschangeis determined.

And2 Inv

Ip1

Ip2

Op
Int (i)

Figure1: An Implementationof a Nand2Gate

StandardLOTOS doesnot supportquantifiedtiming specification.(E-LOTOS (Enhancementsto LOTOS

[8]) doeshowever supporttiming.) To avoid thenon-deterministicproblemjust described,themodelof a
basiclogic gatehasto beconstrainedasexplainedin Section3.
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1.2 Structur eof Report

Section2whichfollowsintroducesthesynchronouscircuitmodel.It is followedbyadiscussionin Section3
of how to specifybasiclogic gatesandstoragecomponentsin this kind of circuit. Section4 explainshow
statehold componentsaremodelled.Theverificationof two benchmarkcircuitsspecifiedin thenew DILL

is presentedin Section5. Finally theconclusionsdrawn from thecasestudiesaregiven.

2 SynchronousCir cuit Model

The classicalsynchronouscircuit model is shown in Figure 2. In this model, the combinationallogic
providestheprimaryoutputsandinternaloutputsaccordingto theprimaryinputsandinternalinputs.(Each
pieceof combinationallogic is referredto asa stagein the following). The internaloutputsarethenfed
into stateholdcomponentsto producetheinternalinputs.Feedbackis theessentialfeatureof all sequential
circuits. Synchronouscircuits, asoneform of sequentialcircuit, aredistinguishedfrom the other form
calledasynchronousin that the statehold componentsarecontrolledby a global clock. Changesof the
internalinputsaresynchronisedwith theclock,in otherwordsthey arechangedonly ataparticularmoment
of the clock cycle, say the negative-goingor positive-goingtransitionof the clock. The internal inputs
determinethestateof thewholecircuit.

combinational
logic

state
hold

component
Clk

inputs outputs
.
.
.

.

.

.

...
...

primary primary

internal 
outputsinputs

internal

Figure2: SynchronousCircuit Model

Whendesigninga synchronouscircuit, designershave to ensurethattheclockcycle is slower thanthe
sloweststagein acircuit. Thiscanbedoneby analysingthetiming characteristicsof thedigital components
usedin thecircuit. Becausetheuntimedversionof DILL cannotdealwith timing aspects,DILL cannotoffer
thefunctionalityof checkingif theclockconstraintis metor not. Insteadaswill beseenin Sections4 and
6.2,properlymodellingthestoragecomponentsandenvironmentswill ensurethatthisconditionis always
fulfilled in DILL specifications.

In thepracticeof synchronousdesign,primaryinputsarealsosynchronisedwith theclocksignal,which
makesdesigningandanalysingcircuits mucheasier. DILL incorporatesthis practiceinto its synchronous
circuit model. It assumesthattheprimaryinputshave alreadybeensynchronisedwith theclocksignal.

Besidestheabove, theDILL synchronouscircuit modelhastwo morerestrictions.Althoughcombina-
tional logic canbespecifiedin eitherthestructuralstyleor thebehavioural style,it is importantthat there
is no cyclic connectionwithin eachstage.Theotheris thatstoragecomponentshave to bespecifiedin the
behavioural style. Theserestrictionsarerelatedto the way componentsaremodelled,for otherwisethe
DILL specificationwill deadlockwherea real circuit maystill work well. This will be discussedin more
detail in Section3.

3 Modelling BasicLogic Gates

Beforemodellingbasiclogic gates,consideragainthesynchronouscircuit modelin Figure2. Supposethat
thereis an environmentwhich offers an event onceandonly oncefor eachprimary input within a clock
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cycle. Thisis reasonablebecauseDILL assumesthatprimaryinputsaresynchronisedwith theclock. Under
this assumption,a basiclogic gateis modelledin sucha way that whenever an input occurs,it will wait
until all theotherinputsoccur. Thenanoutputeventhappensaccordingto all thenew input values. It is
easyto seethat transientsignaltransitionsresultingfrom differentarrival timesof differentinput events
canbefilteredout. An outputjustoccursonceduringa clockcycle.

Note that this model requireseachsignal to appearoncein a clock cycle, in otherwords,no matter
if thevalueof this signalchangesor not thereshouldbean eventoffer. LOTOS eventsarethusno longer
modellingsignaltransitionsonwires,but ratherthesignallevels. For instance,theLOTOSeventIp!0 means
that in a certainclock cycle the signallevel on wire Ip is 0. (A similar argumentappliesfor Ip!1). The
level on the samewire during the previous cycle could be 0 or 1, but the event itself doesnot give any
informationaboutits previouslevel.

Supposethat in eachclock cycle the environmentoffers every primary input event once. Suppose
furtherthata statehold componentis modelledin sucha way that it alsooffersevery internalinput event
once.Thenfollowing theway thatbasiclogic gatesaremodelled,every wire in a synchronouscircuit will
have just oneeventoffer associatedwith it duringa clockcycle.

ThisanswerswhythereisnoneedtoworryabouttheinfinitenessresultingfrommodellingLOTOSevents
assignal levels. Usually if an event representsa signal level, therewill be an infinite numberof events
during an arbitrary time interval becausea level is a continuousvariable. However asdiscussedbefore,
synchronouscircuits actuallyprogressin discretestepsunderthecontrol of a clock signal,so modelling
signallevelsbecomespossibleif a properstrategy is used.

Thefollowing specificationpresentsthenew modelof theNand2gate. It servesasanexampleof the
behavioural stylefor modellingall digital componentsin DILL . This shouldbecontrastedwith theNand2
gatespecifiedin Section1.1.

processNand2[Ip1, Ip2, Op] : noexit :
(

Ip1 ? dtIp1 : Bit; exit (dtIp1,any Bit)
|||

Ip2 ? dtIp2: Bit; exit (any Bit, dtIp2)
)

>> acceptdtIp1,dtIp2 : Bit in
(

Op ! (dtIP1nanddtIp2);
Nand2[Ip1, Ip2, Op]

)
endproc (* Nand2*)

This model is not suitable for circuits containingcyclic connections. As discussedbefore, each
componentis modelledin the mannerof ‘all inputs arrive, then output happens’. If there is a cyclic
connectionwithin a combinationalstage,suchastheformsshown in Figure3, theDILL specificationwill
deadlock.Thisarisesbecausefeedbackconnectionsmaketheinputsandoutputsdependenton eachother.
Theright handsideof Figure3 is acommonbuilding blockof latchesandflip-flops. This is why statehold
componentscannotbespecifiedin thestructuralstyle.

And
Nor

Nor

Figure3: Examplesof Cyclic Connections
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4 Modelling StateHold Components

Thestateholdcomponentsaremodelledin thebehavioural style. Themodelis almostthesameastheone
usedin thepreviousDILL library, exceptfor two modifications.Themeaningof LOTOSeventsis changedto
representthesignallevel, andaconstraintis addedto meettheclockconditionmentionedin Section2. The
secondmodificationdeservessomediscussion.Supposethestatehold componentis a D (Delay)flip-flop.
With thefirst modificationalreadyappliedto thepreviousDILL library, asimplifiedspecificationwouldbe:

processDFF [D, Clk, Q] (dtD, dtClk : Bit) : noexit :
D ? newdtD : Bit; DFF [D, Clk, Q] (newdtD, dtClk)

Clk ? newdtClk : Bit;
(

[(dtClk eq1) and(newdtClk eq0)] >
DFF[D, Clk, Q] (dtD, newdtClk)

[(dtClk eq0) and(newdtClk eq1)] >
Q ! dtD;
DFF[D, Clk, Q] (dtD, newdtClk)

)
endproc (* DFF*)

SupposetheD flip-flop is in serieswith a combinationallogic circuit asshown in Figure4. If theClk
signalof theD flip-flop is not constrained,it is possiblefor the clock to changetoo fastandmove to the
next cycle beforethe combinationallogic hassettleddown. The specificationof a synchronouscircuit
shouldexcludethis possibilitysincethesynchronousmodeladoptedhereassumesthat theclock cycle is
slow enough.

.

.

Clk

Combinational
Logic DFF

D QIp1

Ipn .

Figure4: Constrainton ClockCycle

Supposethat,afterthepositive-goingtransitionof theclock signal,theeventat theflip-flop’sD input
hasnot occurredyet. This meansthat the calculationof the combinationallogic hasnot yet propagated
to D, i.e. the stagehasnot settleddown. In this casethe next positive-goingtransitionof clock signal
shouldnot occur. This ideais embodiedin the following DILL processthat constrainsthe behaviour of
thespecificationabove. TheprocessConsDFF dealswith the initial stateof theflip-flop. After thefirst
positive-goingclocktransition,thenext onehasto wait until aneventonD hasoccurred.This is ensuredin
processConsDFF Aux. Thenew specificationfor theflip-flop combinestheDFF processandConsDFF
with theLOTOS paralleloperator.

processCons DFF[D, Clk] (dtClk : Bit) : noexit :
D ? newdtD : Bit;
Cons DFF [D, Clk] (dtClk)

Clk ? newdtClk : Bit;
(

[(newdtClk eq1) and(dtClk eq0)] > (* ignore-ve transition*)
Cons DFF Aux [D, Clk] (newdtClk)

[(newdtClk ne1) or (dtClk ne0)] > (* outputon +ve transition*)

4



Cons DFF [D, Clk] (newdtClk)
)

where
processCons DFF Aux [D, Clk] : noexit :

D ? newdtD : Bit; (* D eventhappens*)
Clk ! 0;
Clk ! 1; (* thenClk!1 happens*)
Cons DFF Aux [D, Clk]

Clk ! 0; (* D eventhappens*)
D ? newdtD : Bit;
Clk ! 1; (* thenClk!1 happens*)
Cons DFF Aux [D, Clk]

endproc (* Cons DFF Aux *)

endproc (* Cons DFF *)

5 Verifying Standard Benchmark Cir cuits

Thenew DILL modelfor synchronouscircuitshasbeenevaluatedontwo standardbenchmarkcircuits[14]
that areintendedfor evaluatingdifferentapproachesto hardwareverification. The machineusedby the
authorsfor verificationwasa SUNworkstationwith a 300MHz CPUand128MB of mainmemory.

5.1 CADP

Thetoolsetusedfor verifying thebenchmarkcircuitswasCADP(CæsarAldébaranDevelopmentPackage
[3]), jointly developedby INRIA Rhône-AlpesandtheVerimagLaboratory(Grenoble,France).Among
CADP’swide rangeof features,thefollowingwereusedfor verifying thebenchmarkcircuits:

• CADPacceptsfull LOTOS asits inputspecificationlanguage.

• CADP containstwo compilersCæsar.ADT andCæsar. Cæsar.ADT translatesthe datapart of a
LOTOS specificationinto C typesandfunctions,while Cæsartranslatesthe LOTOS behaviour part.
Thetranslationof behaviour is combinedwith theC functionsgeneratedby Cæsar.ADT to yield an
LTS (LabelledTransitionSystem,usedfor verification)or C code(usedfor simulation,etc).

• Aldébaranis a verificationtool basedon an LTS or a networkof LTSs(i.e. a finite statemachine
connectingseveral LTSs by LOTOS parallel and hiding operators). It allows the comparisonand
reductionof LTSsmodulovariousequivalenceandpreorderrelations.

• XTL (eXecutableTemporalLanguage)is a functional-likeprogramminglanguagedesignedto allow
aneasy, compactimplementationof varioustemporallogic operators.Several temporallogics like
ACTL (Action-BasedComputationalTemporalLogic [2]), CTL (ComputationalTemporalLogic),
HML (Hennessy-MilnerLogic [6]), andLTAC [13] have beenembeddedin XTL.

• To partially resolve the problemof statespaceexplosion, CADP incorporatesseveral advanced
verificationtechniquesinto its algorithms,namelycompositionalgeneration,on-the-flycomparison,
andBDD (Binary DecisionDiagram)basedsymbolic representationsof LTSs. Thesetechniques
makeit possiblefor CADPto verify relatively largeapplications.
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5.2 Verification with CADP

TheCADP toolboxofferstwo differentverificationmethods:bisimulation(usingtheAldébarantool) and
temporallogic propertychecking(usingtheXTL tool). For verifying LOTOS specifications,ACTL is an
obviouscandidatebecausethesemanticsof LOTOS is alsobasedon actions.Themodaloperatorsof HML
(BOX2, WBOX (Weak2), DIA 3, WDIA (Weak3)) arealsoemployed.

For brevity, thefollowing givesonly aninformal explanationof thetemporaloperatorsthatareusedin
propertyspecification.More detailedinformationaboutACTL andHML canbe found in the references
citedearlier. Thesemanticsof thetemporaloperatorsis definedoveranLTS M consistingof (Q, A, T, q0):

• Q is thesetof states

• A is thesetof actions

• T in Q× A× Q is thetransitionrelation

• q0 in Q is theinitial state.

Theinformal meaningof formulaefor propertyspecificationis asfollows. A, B andC areactionsets,
while F andG areformulasets.

AG (F): all reachablestatesmustsatisfyF.

AG A (A, F): for all reachablestates,all outgoingactions(if any) that satisfy A must result in states
satisfyingF.

BOX (A, F): for thecurrentstate,all outgoingactions(if any) thatsatisfyA mustresultin statessatisfying
F.

WBOX (A, F): this hasalmost the samesemanticsas the BOX operatorexcept that it allows internal
actionsprecedingthosein A.

ACTL INEV (A): from thecurrentstate,actionssatisfyingA areinevitable.

AU A B (F, A, B, G): this is theuntil operatorU . Theform usedin thefollowing propertyspecifications
is AU A B (true,A, B, true). This meansthat for thecurrentstate,eachof its pathsshouldhave the
following property:theactionsalongthepathsatisfyA until thereis anactionthatsatisfiesB.

ACTL NOT TO UNLESS (A, B, C): this canbe readas‘not A to C unlessB’. Fromthecurrentstate,
afteranactionsatisfyingA thereis no pathsuchthatactionsnot satisfyingB couldleadto anaction
satisfyingC.

EF A (A, F): from thecurrentstate,thereexistsapathsuchthatactionsalongthispathsatisfyA until they
leadto a statesatisfyingF.

EX A (A, F): from thecurrentstate,thereexistsanactionsatisfyingA thatcanleadto astatesatisfyingF.

WDIA (A, F): this saysthatfrom thecurrentstatethereexistsa pathalongwhich several internalactions
thenonesatisfyingA mustleadto a statesatisfyingF.

6 Verifying the SinglePulser

6.1 Inf ormal Description

Theinformaldescriptionof theSinglePulsercasestudyisdocumentedin thestandardbenchmarkdocument:
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A SinglePulseris a clocked-sequentialdevice with a one-bitinput I, anda one-bitoutputO.
Thepurposeof thecircuit is describedasfollows. Wehaveadebouncedpush-button: on(true)
in the down position,off (false)in the up position. Devise a circuit to sensethe depression
of the button andassertan outputsignal for oneclock pulse. The systemshouldnot allow
additionalassertionsof theoutputuntil aftertheoperatorhasreleasedthebutton.

Thedocumentationalsodefinesinformally somepropertiesthattheSinglePulsermustrespect:

Property 1: Whenever thereis a risingedgeat I, O becomestruesometime later.

Property 2: Whenever O is true it becomesfalsein the next time instance,andit remainsfalseat least
until thenext rising edgeon I.

Property 3: Whenever thereis arising edge,andassumingthattheoutputpulsedoesnothappenimmedi-
ately, thereareno morerisingedgesuntil thatpulsehappens.(Therecannotbetwo risingedgeson I
withouta pulseon O betweenthem.)

Theimplementationof theSinglePulseris definedby thebenchmarkasshown in Figure5.

Clk

P_In

P_Out
DFF

DFF INV
AND2

Inp
N_Find Find

Figure5: Implementationof SinglePulser

6.2 Specificationin DILL

It is verystraightforwardto representtheimplementationof theSinglePulserin DILL . Becausetheclock is
implicit in asynchronouscircuit design,describingcircuit propertiesdoesnotalwaysreferto it. Experience
alsoshows thathiding theclocksignalcanmakethetemporallogic formulaeclearerandtidier. TheSingle
Pulseris specifiedasfollows:

hide Inp, N Find,Find,Clk in
(

(
DFF[Inp, Clk, N Find]

|[N Find, Inp]|
(

Inverter[N Find,Find]
|[Find]|

And2 [Find, Inp, P Out]
)

)
|[Clk, Inp]|

DFF [P In, Clk, Inp]
)

|[P In, Clk, P Out]|
Env [P In, Clk, P Out]

The Env processserves as the environment constrainton the Single Pulser. It stipulatesthat the
environmentshouldoffer input-outputeventssuchthat P In cancomebeforeeachpositive-goingclock
transition,andthatthenext clockcycle is readyonly afterP Out hasoccurred.Without thisconstraint,all
the propertiesdiscussedin the following sectionevaluateto false. The constraintbetweenP In andClk
ensuresthat P In is synchronisedwith Clk. Theconstraintbetweeninputsandoutputrespectstheslow-
clock requirement:P Outmusthappenbeforethenext positive-goingclock transition.Theseassumptions
arenotautomaticallyguaranteedby thecircuit specification,but they arerequiredby theDILL synchronous
circuit model.
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processEnv [P In, Clk, P Out] : noexit :

(
P In ? dtPIn: Bit;
Clk ! 1 of Bit;
(

Clk ! 0 of Bit; exit
|||

P Out? dtPOUt: Bit; exit
)

)
>>

Env [P In, Clk, P Out]
endproc (* Env *)

6.3 Propertiesin XTL

The formulationof propertiesin CADP wasexplainedin Section5.2. Verificationof the SinglePulser
wasundertakenusingonly XTL modelchecking,althoughit is not difficult to give a higherlevel specifi-
cationandthenchecktheequivalencebetweenthe two levels. In the following temporallogic formulae,
EVAL A (P In!1) returnsthe actionsetincluding theactionP In!1. A varianton this, EVAL A (P In...),
ignoresthe event offers andreturnsa set including all the possibleeventsrelatingto event P In suchas
P In!1, P In!0, andsoon. BecauseLOTOSeventsaremodelledassignallevelsinsteadof signaltransitions,
representingarisingedgeshouldrelateto two clockcycles. In thefirst cycle thesignalshouldbeat level 0,
in thesecondcycle it shouldbeat level 1. As statedin Section2, eachsignalhappensonceandonly once
in aclock cycle,sothesecondappearanceof thesamesignalindicatesthesecondclockcycle.

Property 1: If thereis a rising edgeon input P In, eventuallytheoutputP Outbecomestrue.

AG A (
EVAL A (P In ! 0), (* in thefirst cycle P In is 0*)
WBOX (EVAL A (P Out...)), (* P Out doesnotcare*)
WBOX (EVAL A (P In ! 1), (* in thesecondcycle P In rising *)

ACTL INEV (EVAL A (P Out ! 1)))) (* thenP Out!1 is inevitable*)

Property 2: Whenever P Out is 1 it becomes0 in thenext state;andit remains0 at leastuntil the next
rising edgeon P In. This propertycannotbe expressedin one formula becauseACTL is unfair,
hencetwo formulaeareusedto capturethis property. Thefirst saysthatif P Out is 1 in someclock
cycle, thenit mustbe0 in thenext cycle at leastuntil thethird clockcycle. This is thefirst partof the
property. Thesecondformulasaysthatif theP Out is 1, it is impossiblefor it to remain1 (soit must
be0) in thefollowing cyclesunlessP In changesto 1. Notethatthesecondformulacannotinclude
thefirst onebecauseif P In changesto 1 in thesecondcycle, thesecondformulacannotexcludethe
situationthatP Out alsobecomes1 in this cycle.

AG A (
EVAL A (P Out ! 1), (* in first cycle: P Out!1 *)
WBOX (

EVAL A( P In...), (* P In doesnot care*)
AU A B (

true,EVAL A (P Out ! 0), (* secondcycle: P Out!0 *)
EVAL A (P Out...),true))) (* until thethird cycle *)

AG (
ACTL NOT TO UNLESS(

EVAL A (P Out ! 1), (* P Out ! 1 cannotresultin *)

8



EVAL A (P Out! 1), (* anotherP Out ! 1 *)
EVAL A(P IN ! 1))) (* exceptP In ! 1 *)

Property 3: Whenever thereis a rising edge,andassumingthat theoutputpulsedoesnot happenimme-
diately, thereareno morerising edgesuntil thatpulsehappens.In otherwords,therecannotbetwo
rising edgeson P In withouta rising edgeon P Outbetweenthem.

AG A (EVAL A (P In ! 0), (* for all thereachablestates*)
WBOX (not (EVAL A (P In...)),

BOX (
EVAL A (P In ! 1), (* afterinput rising *)
not ( (* it is not thecasethat*)
EF A ( (* existsa pathsuchthat*)
not (EVAL A (P Out ! 1)), (* withoutP Out!1 *)
WDIA (EVAL A (P In ! 0),
WDIA (
EVAL A (P Out ...),
WDIA (

EVAL A (P In ! 1), (* exist aninput rising *)
true))))))))

6.4 Verification Results

• Thesizeof theLTSproducedby Cæsar.ADT andCæsarfrom theDILL implementationhas295states
and538transitions.

• AldébaranminimisestheLTS to a smalleronehaving 97 statesand174 transitionsmodulostrong
bisimulation.Subsequentverificationwasbasedon thissmallerLTS.

• Aldébaranshows thattheDILL implementationis deadlockfree.

• XTL evaluatesall thefour formulaein Section6.3to betrue.

• BecausetheresultantLTS is small,all thegenerationandverificationstepstakenegligible time.

7 Verifying the BusArbiter

TheBusArbiterprovidedin thebenchmarkdocumentationis agoodexampleof acontrol-dominantcircuit.
It is well known thatverificationtechniquesbasedonstatespaceexploration,suchasthoseusedby CADP,
arenotsuitablefor thedata-pathcircuits(e.g.amultiplier or divider). Suchtechniquesmayresultin ahuge
statespacewhenthedatapathis wide. Thearbiteris alsoa goodexampleof scalablemachine,which is
a goodmediumfor evaluatingverificationtools: the numberof the cells canbe chosenaccordingto the
ability of theverificationtools.

7.1 Inf ormal Description

Theinformaldescriptionof theBusArbiter casestudyis documentedin thestandardbenchmarkdocument:

Thepurposeof theBusArbiter is to grantaccessoneachclockcycleto asingleclientamonga
numberof clientsrequestinguseof abus. Theinputsto thearbiterarea setof requestsignals,
eachfrom a client. The outputsarea setof acknowledgesignals,indicatingwhich client is
grantedaccessduringa clock cycle. The interfaceof the arbiteris shown in Figure6, again
omitting theclocksignal.

Thedocumentationalsodefinesinformally somepropertiesthattheBusArbiter mustrespect:
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Property 1: No two acknowledgeoutputsmustbeassertedin thesamecycle.

Property 2: Every persistentrequestis eventuallyacknowledged.

Property 3: Acknowledgeis notassertedwithout request.

The correspondingCTL formulaearealsoprovided in the benchmark.Besideslisting theproperties
to be fulfilled, there is also an arbitrationalgorithm explained in plain English. Finally the gatelevel
implementationof theBusArbiter is providedin theform of a circuit diagram.

7.2 Higher-Level Specification

As a languageorientedtowardspracticalusage,LOTOS is very expressive andsupportsspecificationsat
variouslevels. Although the benchmarkcircuits have beenstudiedby many researchers,as far as the
authorsknow therehasnot beena formal specificationof thearbitrationalgorithmusedin thedesign.

With LOTOS, it is possibleto provide sucha higher-level specification.Therearetwo clearbenefitsof
suchaformalisation.Firstly,betterunderstandingof thealgorithmcanbegainedfromrigorousspecification.
Secondly, correctnessof thealgorithmitself canbeensuredbeforethecircuit is built andverified. Flaws in
thealgorithmwill bemoretime-consumingto correctif they arediscoveredonly afterimplementation.

Thearbitrationalgorithmembodiedin thedesignis around-robintokenschemewith priority override.
Normally thearbitergrantsaccessto theclientwhichhasthelowestindex numberamongall therequesting
clients. In otherwords, the client with the lowest index numberhasthe highestpriority. However as
requestsbecomemorefrequent,thearbiteris designedto fall backon a round-robinscheme,sothatevery
requesteris eventuallyacknowledged.This is doneby circulatingatokenin aring of arbitercells,with one
cell perclient. Thetokenmovesonceevery clock cycle. If a client’s requestpersistsfor thetime it takes
for thetokento makeacompletecircuit, thatclient is grantedimmediateaccessto thebus.

Translatingthe algorithm to LOTOS is quite straightforward. It is realisedmainly by LOTOS value
expressions.For exampleeachcell hastwo variablesassociatedwith it: tokenthat indicatesif thetokenis
in thecell,andwaiting thatindicatesif therequestof thecorrespondingclienthaspersistedfor acompleted
tokencycle. Circulatingthe token,(re)settingthe waiting variableandsoon correspondto LOTOS value
expressions.For anarbiterwith threecells, thereareabout80 lines in total for theLOTOS behaviour part
(seeAppendixA).

7.3 Lower-Level Specification

Thedesignof thearbiterconsistsof repeatedcells. Eachcell is in chargeof acceptingrequestsignalsfrom
aclient,andsendingbackacknowledgementsto thesameclient. Figure7 showsthearbiterwith threecells.
Figure8 showstheimplementationof eachcell. Thefirst cell is slightly differentbecauseit is assumedthat
thetokenis initially in thefirst cell.

Theprincipleof thecircuit will notexplainedin detailhere.Briefly, theti (tokenin) andto (tokenout)
signalsarefor circulationof thetoken.The to outputof thelastcell is connectedto the ti input of thefirst
cell to form atokenring. Thegi (grantin) andgo(grantout)signalsarerelatedto priority. Thegrantof cell
i is passedto cell i+1 , andindicatesthatnoclientof index lessthanor equalto i is requesting.Henceacell
mayassertits acknowledgeoutputif its grantinput is asserted.Theoi (overridein) andoo (overrideout)
signalsareusedto overridethepriority. Whenthetokenis in apersistentrequestingcell, its corresponding
clientwill getaccessto thebus. Theoosignalof thecell is setto 1. Thissignalpropagatesdown to thefirst
cell andresetits grantsignalthroughan inverter. As a consequencethegi signalof every cell is reset,in
otherwordsthepriority hasnoeffectduringthisclockcycle. Within eachcell, registerT stores1 whenthe
tokenis present,andregisterW (waiting) is setto 1 whenthereis apersistentrequest.Initially thetokenis
assumedto bein thefirst cell.

Becausethecomponentsof eachcell arein theDILL library, it is veryeasyto form aDILL specification
of a cell. The specificationof an arbiterwith threecells is obtainedby connectingthreesuchcells. As
for theSinglePulser, thereis alsoanenvironmentconstraintin thestructuralspecificationof thearbiterto
meettheconditionsof thesynchronouscircuit modeldiscussedin Section2. SeeAppendixB for thefull
DILL specification.
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Sincethepropertiesthatthearbitermustfulfill aregivenin thebenchmarkdocumentation,it is obvious
that the verification shouldconsistof model checkingtheseproperties. Equivalencecheckingis also
performedsincetwo levelsof specificationsareidentified.

7.4 Propertiesin XTL

Theformulationof propertiesin CADP wasexplainedin Section5.2. Thepropertiesareagaintranslated
into action-basedtemporallogic, namelyACTL andHML. Thefollowing threeformulaereferto client 0;
theformulaefor otherclientshave a similar form.

Property 1: No two acknowledgeoutputsareassertedin thesameclockcycle (safety).

AG ( (* for all states... *)
not ( (* it is not thecasethat... *)

EX A ( (* thereexistsaction*)
EVAL A (Ack0 ! 1), (* Ack0 !1 leadingto ... *)
(WDIA (EVAL A (Ack1 ! 1), true)or (* actionAck1!1 or *)
WDIA (EVAL A (Ack2 ! 1), true)))))(* actionAck2!1 *)

Property 2: Every persistentrequestis eventuallyacknowledged(liveness).

AG ( (* for all states... *)
BOX ( (* afterall its outgoingaction*)

EVAL A (Req0! 1), (* which is Req0!1... *)
AU A B (true,true,

(EVAL A (Ack0 ! 1) or (* eventuallyAck0!1 ... *)
EVAL A (Req0! 0)), true))) (* unlessReq0!0*)

Property 3: Acknowledgeis notassertedwithout request(safety).

AG ( (* for all states*)
ACTL NOT TO UNLESS( (* notReq0!0,Ack0!1unlessReq0!1*)

EVAL A (Req0! 0), (* afterReq0!0*)
EVAL A (Ack0 ! 1), (* Ack0!1 is impossible... *)
EVAL A (Req0! 1))) (* unlessafterReq0!1*)

7.5 Verification Resultsfor Higher-Level Specification

To verify the higher-level specificationagainstthe temporallogic formulae,the LTS of the specification
wasproducedfirst. CæsargeneratesanLTS with 3649statesand7918transitions.Aldébaranreducesthis
to 379statesand828 transitionswith respectto strongbisimulation. Both generationandreductiontake
seconds.Thetemporallogic formulaearethencheckedagainsttheminimisedLTS.Eachis verifiedto be
truewithin 1 minute.

7.6 Verification Resultsfor Lower-Level Specification

Thereal challengecomeswhenthe lower-level DILL specificationis verified. Thestatespaceis so large
thatdirectgenerationof theLTS from theLOTOS specificationis impractical.As mentionedbefore,there
are several advancedtechniquesimplementedin CADP to tackle the problemof statespaceexplosion.
Nevertheless,usingon-the-flyverificationof thearbiteralsofails afterconsiderablerun-time. CADP also
doesnot currentlysupportthedirectgenerationof BDDs from a LOTOSspecification.

Compositionalgenerationwastried out to verify thearbiter. Basicallythe ideais that of ‘divide and
conquer’.A LOTOSspecificationis dividedinto severalsmallerspecificationsto makesurethatit ispossible
for Cæsarto generateanLTSfor eachof them.ThenAldébaranis usedto reducetheseLTSswith respectto
a suitableequivalencerelation.TheminimisedLTSsarethencombinedusingtheLOTOS paralleloperator
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Signal Cycle1 Cycle2 Cycle3 Cycle4

Req0 1 1 1 0
Req1 0 0 0 1
Req2 0 0 0 0
Ack0 1 1 1
Ack1 0 0 0 0 (design)

1 (algorithm)
Ack2 0 0 0

Figure9: A Counter-Examplegeneratedby Aldébaran

(andalsothehideoperatorif necessary)to formanetworkofcommunicatingLTSs(theCADPterm).At this
stage,anLTS might beproducedfrom this network,or on-the-flyverificationmight beperformedagainst
the network. In orderto get valid verificationresults,specialattentionmustbe given to the equivalence
relationthatis used.Therelationmustbeacongruenceat leastwith respectto thecompositionaloperators,
heretheLOTOS parallelandhideoperators.The relationmustalsopreserve thepropertiesto be verified.
This ensuresthat the resultingnetworkof communicatingLTSs will respectthe samepropertiesas the
originalLOTOSspecification.Amongthethreepropertiesproposedby thebenchmark,thefirst andthethird
aresafetypropertieswhile the secondis a livenessproperty. Safetyequivalence[1] preservesall safety
properties,while branchingbisimulationequivalence[15] preserveslivenesspropertieswhenthereareno
livelocksin specifications.Bothof theseequivalencesarecongruenceswith respectto theparallelandhide
operators.Thesetwo equivalencesarethusappropriateto compositionalgeneration.

Thedesignof thearbiterwasdivided into threepieces,onepercell of thearbiter. After aboutseven
minutesin total, an LTS which is safetyequivalentto theLOTOS specificationof thedesignis generated.
Thetwo safetypropertieswereverifiedto betrueagainstthis LTS, implying that thedesignalsosatisfies
thesesafetyproperties.Verificationof theformulaetakesjustseconds.Unfortunatelythelivenessproperty
hasnotyetbeenverified. TheCADPalgorithmfor minimisationwith respectto branchingbisimulationis
notvery efficient,soa singlecell cannotbereducedby thisequivalencewithin a reasonabletimeperiod.

7.7 Verification Resultsfor Equivalenceof the Two Levels

Before verifying equivalencebetweentwo specifications,a suitableequivalencemust be chosen. For
mostsystems,observationalequivalenceis anobviouschoice. Informally it meansthat two systemshave
exactly samebehaviour in termsof theobservableactions.For hardwaresystems,testingequivalence(two
specificationspassor fail exactly thesameexternaltests)is alsousedasacriterionin someapproachessuch
asCIRCAL (Circuit Calculus[11]). Thealgorithmfor testingequivalenceis not implementedin CADP, so
thestrongeroneof observationalequivalencewascheckedfor theBusArbiter.

As before,compositionalgenerationwasexploited to generatetheLTS for thedesign.This time each
cell wasreducedwith respectto observationalequivalencesinceit is acongruencefor theparallelandhide
operators.After abouteightminutesin total, theLTS wasgenerated.It wasexpectedthatthis LTS would
be observationallyequivalentto the onerepresentingthe higher-level specification.However Aldébaran
discoveredthatthey arenot! Figure9 is oneof thesequencesgivenasacounter-example.(TheAldébaran
outputhasbeenrenderedmorereadablehere.) This sequenceindicatesthat in thefirst threeclock cycles
only client0 requeststhebus;boththehigh-level specificationandthelow-leveldesigngrantaccessto this
client. In the fourth cycle, client 0 cancelsits requestbut client 1 begins to requestaccess.At this point
the two levels of specificationsaredifferent: the lower-level specificationoffers0 for Ack1, whereasthe
higher-level specificationoffers1 for Ack1.

After step-by-stepsimulationof thecounter-example,it wassoondiscoveredthatthecircuit of Figure8
providedin thebenchmarkdoesnotproperlyresettheoo(overrideout)signalwhenthefollowingsituation
happens.In thepreviousclockcycle, theW (waiting)registerof acell is set.But in thecurrentclockcycle,
its client cancelsthe requestandthe tokenhappensto move into the cell. In this situation,becausethe
client hasalreadycancelledits requestit shouldbepossiblefor anotherclient to get thebus. However, the
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designstill setstheoo signalto overridethepriority asif this client werestill requesting.Thismeansthat
no otherclienthastheopportunityto accessthebusin this clockcycle.

Fixing theproblemwasmucheasierthanfinding it. Thecorrectionwasto connecttheReqsignalto
theAndgatethatfollowstheW register. Theoutputof theAndgateguaranteesthattheoo signalis always
correctlysetor resetaccordingto the requestsignalin thecurrentclock cycle. This modifieddesignwas
verifiedto beobservationallyequivalentto thehigher-level algorithmicspecification.
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Figure10: Modified Implementationof a Cell

In summary, verificationof theBusArbiter yieldedthefollowingobservations:

• thearbitrationalgorithmwasshown to becorrectwith respectto thepropertiesproposed

• a shortcomingof thedesignwasidentified

• themodifiedcircuit designwasshowntobeobservationallyequivalentto thehigher-levelspecification

• thedesignwasshown to satisfythesafetypropertiesproposed

• satisfactionof the livenessproperty(Property2) hasnot yet beenverified dueto limitations of the
tool/machineperformance.

8 Conclusion

This reporthasinvestigateda way of specifyingsynchronouscircuitsin DILL . With thenew model,it was
possibleto verify theSinglePulserandBusArbiter hardwarebenchmarkcircuitswith theCADPtoolset.

In comparisonto othersystemsinvestigatingthe samecasestudies,suchasCOSPAN [5] andCIRCAL,
DILL wasfoundtobemuchmoreconvenientfor givingahigher-levelspecification.Thisisnotsosurprising
sinceLOTOS is averyexpressive languageorientedtowardspracticalusage.CIRCAL, for example,givesan
abstractview of a synchronouscircuit by directlyspecifyingits correspondingfinite statemachine,which
is notalwaysa naturalrepresentationof circuit behaviour.

Basedon processalgebra,DILL specificationscanbe verified by equivalenceandpreorderchecking.
This is distinctive in thatmoststate-of-the-arthardwareverificationsystemsareeitherbasedon theorem
proving or on temporallogic modelchecking.Theformerdoesnot supportautomaticverificationsinceit
needshumanassistanceto completea proof. The latterneedsspecialisedexpertisesincetemporallogic
specificationsarenoteasyto write. In contrast,equivalenceor preordercheckingmakesit possibleto write
thespecificationin thesameformalismastheimplementation,hereDILL (or really, LOTOS). Thecorrectness
of a DILL specificationcanbeeasilycheckedby simulationtools. Anotherbenefitof equivalencechecking
can be seenfrom the casestudy of the arbiter. As a classicalverification benchmark,the Bus Arbiter
hasbeeninvestigatedusingmany approaches.But asfar astheauthorsknow, no onehaspointedout the
problemreportedin Section7.7.

On theotherhand,thesizeof thecircuitsthatcanbeeffectively verifiedis very smallcomparedto the
sizeverifiedby othermaturehardwareverificationtools. COSPAN canverify anarbiterwith four cellsquite
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easilywith theconsumptionof about1 MB memory, dueto thesymbolicrepresentationusingBDDs and
COSPAN’sefficientreductiontechniques[4]. CIRCAL is reportedtogeneratethestatespaceof anarbiterwith
up to 40 cellsusingreasonablecomputingresources(althoughtheactualmemoryusedwasnot reported)
[12]. Again this is dueto theBDD representationof CIRCAL specification.Note that CIRCAL wasnot in
fact usedto verify thearbiterformally. [12] just givesa testpatternto show thateven if all clientsrequest
thebus,only onecangettheaccessto thebusin eachclockcycle. CIRCAL doesnot have thefunctionality
of temporallogic modelchecking,andbecauseof its limited power in specifyinghigher-level behaviour,
testingequivalencecheckingwasnot usedfor this casestudy. CADP on the otherhandconsumesmore
than100MB to producethestatespaceof the3 cell arbiter. Althoughtheresultingstatespaceis relatively
small,theintermediatestagesof generationneedconsiderablememory.

Therearetwo mainreasonsfor this performancelimitation. Onecomesfrom themodellinglanguage
LOTOS andtheothercomesfrom CADP itself. Firstly, for synchronouscircuitstheorderin which signals
occurduringaclockcycleisnotsoimportant.Forexample,in Figure4therelativeorderof Ip1andIp2does
not matter: thefinal valueon D is alwaysthesame.So it is reasonableto imaginethat theinputshappen
togetherandthenoutputoccurs.But whenmodellingsuchcircuits in DILL , it is necessaryto distinguish
theseso thestatespaceis unnecessarilylarge. For synchronouscircuit modelling,trueconcurrency may
be moresuitable,andthis is the model adoptedby CIRCAL. Secondly, the main featuresof CADP are
still basedon explicit stateexploration. BecauseCADP cannotproducetheminimisedstatespacein the
first place, large amountsof memoryhave to be consumedbeforea smallerLTS can be producedby
minimisation. On-the-flyalgorithmsareof somehelp, but they apply only in particularsituations. For
example,observationalequivalencecheckingcannotbeperformedon-the-fly. As discussedbefore,aBDD
representationof LOTOS specificationsis not supportedby CADP. Actually BDDs areonly a intermediate
datatype of someof algorithmsimplementedin CADP, andexperienceshows that thesealgorithmsare
very slow whenthe statespaceis large even if they save a lot of memory. The languageproblemmight
besolvedby extendingDILL to useE-LOTOS [8]. The tool problemis currentlybeinginvestigatedby the
CADPdevelopers.
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A Behavioural Specificationof The Bus Arbiter

Thefollowing is theLOTOSbehaviour partof theBusArbiter higherlevel behavioural specification:
(* T2, T1, T0 indicateif thetokenis in thecorrespondingcell *)
(* W2, W1, W0 indicateif thecorrespondingcell hasbeenwaiting *)

processArbiter [Req2,Req1,Req0,Ack2, Ack1, Ack0]
(T2, T1, T0, W2, W1, W0 : Bit) : noexit :
(

Req2? dtReq2: Bit; exit (dtReq2,any Bit, any Bit)
|||

Req1? dtReq1: Bit; exit (any Bit, dtReq1,any Bit)
|||

Req0? dtReq0: Bit; exit (any Bit, any Bit, dtReq0)
)

>>
acceptdtReq2,dtReq1,dtReq0: Bit in (* currentReqvalue*)

(
let temp: Bit = T0 in (* circulatethetoken*)

(
let
newT0 : Bit = T2,
newT2 : Bit = T1,
newT1 : Bit = temp,
(* currentwaiting values*)
newW0 : Bit = dtReq0and(T0 or W0),
newW1 : Bit = dtReq1and(T1 or W1),
newW2 : Bit = dtReq2and(T2 or W2) in
(* variable‘client’ indicatesif a clienthasa persistentrequest,

only onecanbetrue*)
(

let
client2: Bit = dtReq2andT2 andW2,
client1: Bit = dtReq1andT1 andW1,
client0: Bit = dtReq0andT0 andW0 in

(* variable‘above’ indicateif thereis persistentrequestsfrom
theabove clients*)

(
let
above2: Bit = 0 of Bit,
above1: Bit = client2,
above0: Bit = client2or client1 in

(* checkif thegrantshouldbegivento aclient; this is decidedby:
o thisclient hasa persistentrequestor
o thisclient is requestingandtheotherclientsabove do not

have persistentrequests*)
(

let grant0: Bit = client0or (dtReq0andnot (above0)) in
(

let grant1: Bit =
client1or (dtReq1andnot (grant0)andnot (above1)) in
(

let grant2: Bit =
client2or
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(dtReq2andnot (grant0)andnot (grant1)andnot (above2)) in
(

(
Ack0 ! 1 of Bit [grant0eq1 of Bit]; exit

Ack0 ! 0 of Bit [grant0eq0 of Bit]; exit
)
|||

(
Ack1 ! 1 of Bit [grant1eq1 of Bit]; exit

Ack1 ! 0 of Bit [grant1eq0 of Bit]; exit
)
|||

(
Ack2 ! 1 of Bit [grant2eq1 of Bit]; exit

Ack2 ! 0 of Bit [grant2eq0 of Bit]; exit
)

)
) (* endof let grant2*)

) (* endof let grant1*)
) (* endof let above *)

) (* endof let client *)
) (* endof let new *)

>>
Arbiter [Req2,Req1,Req0,Ack2, Ack1, Ack0]

(newT2, newT1, newT0, newW2, newW1, newW0)
) (* endof let temp*)

) (* endof accept*)
endproc (* Arbiter *)

B Structural Specificationof The BusArbiter

The following is the DILL Bus Arbiter structuralspecification. As will be seen,eachcell has it own
environmentprocess(Cell1 Env, Cell2 Env, Cell3 Env). Thesecanbe combinedto oneto makea more
concisespecification.But theseparateenvironmentprocessesmayhelpto producesmallerLTSswhenthe
circuit is verified.

include(dill.m4)

divert

circuit(
‘Arbiter [Req2,Req1,Req0,Clk, Ack2, Ack1, Ack0]’,‘

hide Override In2, Override In1, Override In0, Override Out0,
Token Out0,Token Out1,Token In0,
Grant Out0,Grant Out1,Grant Out2,Grant In0, Clk in

(
Last[Req2,Token Out1,Grant Out1,Override In2, Clk,
Ack2, Token In0, Grant Out2,Override In1]

|[Token Out1,Override In1, Grant Out1,Clk]|
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Middle [Req1,Token Out0,Grant Out0,Override In1, Clk,
Ack1, Token Out1,Grant Out1,Override In0]

)
|[Token In0, Override In0, Token Out0,Grant Out0,Clk]|

First [Req0,Token In0, Grant In0, Override In0, Clk,
Ack0, Token Out0,Grant Out0,Override Out0]

where

processFirst [Req0,Token In0, Grant In0, Override In0, Clk,
Ack0, Token Out0,Grant Out0,Override Out0] : noexit :
(

Cell1 [Req0,Token In0, Grant In0, Override In0, Clk,
Ack0, Token Out0,Grant Out0,Override Out0]

|[Override Out0,Grant In0]|
Inverter[Override Out0,Grant In0]

)
|[Req0,Clk, Ack0]|

Cell1 Env [Req0,Clk, Ack0]
endproc (* First *)

processMiddle [Req1,Token Out0,Grant Out0,Override In1, Clk,
Ack1, Token Out1,Grant Out1,Override In0] : noexit :
Cell2 Plus[Req1,Token Out0,Grant Out0,Override In1, Clk,
Ack1, Token Out1,Grant Out1,Override In0]

|[Req1,Clk, Ack1]|
Cell2 Env [Req1,Clk, Ack1]

endproc (* Middle *)

processLast[Req2,Token Out1,Grant Out1,Override In2, Clk,
Ack2, Token In0, Grant Out2,Override In1] : noexit :
(

Zero[Override In2]
|[Override In2]|

Cell2 Plus[Req2,Token Out1,Grant Out1,Override In2, Clk,
Ack2, Token In0, Grant Out2,Override In1]

)
|[Req2,Clk, Ack2]|

Cell3 Env [Req2,Clk, Ack2]
endproc (* Last*)

processCell1 [Req In, Token In, Grant In, Override In, Clk,
Ack Out,Token Out,Grant Out,Override Out] : noexit :
hide notToken,notT, W, TorW, WIn, TandW, GorCircle,notR in

(
Inverter[Token In, notToken]
|[notToken]|

DFlipFlop Pos[notToken,Clk, notT]
|[notT]|

Inverter[notT, Token Out]
)

|[Token Out,Clk]|
(

Or2 [Token Out,W, TorW]

19



|[Token Out,W, TorW]|
And2 [TorW, Req In, WIn]
|[WIn,Req In]|

DFlipFlop Pos[WIn, Clk, W]
|[W]|

And3 [Token Out,W, Req In, TandW]
|[TandW, Req In]|

Or2 [TandW, Grant In, GorCircle]
|[GorCircle]|

And2 [GorCircle,Req In, Ack Out]
)

|[TandW, Grant In, Req In]|
(

Inverter[Req In, notR]
|[notR]|

And2 [notR,Grant In, Grant Out]
)

|||
Or2 [TandW, Override In, Override Out]

endproc (* Cell1 *)

processCell2 Plus[Req In, Token In, Grant In, Override In, Clk,
Ack Out,Token Out,Grant Out,Override Out] : noexit :
hide W, TorW, WIn, TandW, GorCircle,notR in

DFlipFlop Pos[Token In, Clk, Token Out]
|[Token Out,Clk]|

(
Or2 [Token Out,W, TorW]
|[Token Out,W, TorW]|

And2 [TorW, Req In, WIn]
|[WIn,Req In]|

DFlipFlop Pos[WIn, Clk, W]
|[W]|

And3 [Token Out,W, Req In, TandW]
|[TandW, Req In]|

Or2 [TandW, Grant In, GorCircle]
|[GorCircle]|

And2 [GorCircle,Req In, Ack Out]
)

|[TandW, Grant In, Req In]|
(

Inverter[Req In, notR]
|[notR]|

And2 [notR,Grant In, Grant Out]
)

|||
Or2 [TandW, Override In, Override Out]

endproc (* Cell2 Plus*)

processCell1 Env [Req0,Clk, Ack0] : noexit :
Req0? newdtReq: Bit;
Clk ! 1 of Bit;
(

Ack0 ? newdtAck : Bit; exit
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|||
Clk ! 0 of Bit; exit

)
>>

Cell1 Env [Req0,Clk, Ack0]
endproc (* Cell1 Env *)

processCell2 Env [Req1,Clk, Ack1] : noexit :
Req1? newdtReq: Bit;
Clk ! 1 of Bit;
(

Ack1 ? newdtAck : Bit; exit
|||

Clk ! 0 of Bit; exit
)

>>
Cell2 Env [Req1,Clk, Ack1]

endproc (* Cell2 Env *)

processCell3 Env [Req2,Clk, Ack2] : noexit :
Req2? newdtReq: Bit;
Clk ! 1 of Bit;
(

Ack2 ? newdtAck : Bit; exit
|||

Clk ! 0 of Bit; exit
)

>>
Cell3 Env [Req2,Clk, Ack2]

endproc (* Cell3 Env *)

DFlipFlop Pos Decl
And2 Decl
And3 Decl
Or2 Decl
Inverter Decl

’)
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