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Abstract

This report investigatesmodelling and verifying synchronouscircuits in DiLL (Digital Logic in
Lotos). Thesynchronousircuit modelusedhereis quite similarto the classicalbneexploitedin digital
logic design,but someadditionalrestrictionsare appliedto simplify analysis. The basiclogic gate
and storageelementmodelsare modified from previous versionsof DiLL to suit synchronouslesign.
To evaluatethe approachiwo benchmarlcircuits are specifiedandthen verified using CADP (Caesar
AldébararDevelopmentPackage).

Keywords: Bus Arbiter, CADP (CeesarAldébaranDevelopmentPackage),Digital Logic, DiLL
(Digital Logic in LoTtos), HardwareVerificationBenchmarkHDL (HardwareDescriptionLanguage),
Lotos (Languageof TemporalOrderingSpecification) SinglePulser Verification
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1 Intr oduction
1.1 ProblemAddressed

This reportsummarisesvork on modellingandverifying synchronougircuitsin DiLL (Digital Logic in
Lotos). Lotos (Languagelf TemporalOrderingSpecification7]) is a general-purposérmal specifi-
cationlanguage WhenDiLL wasfirst developed,it wasintendedfor both synchronousndasynchronous
design.Thisis quite naturalbecausén therealworld mostsynchronousndasynchronousircuitsarebuilt
from the samebasiclogic gates(and, or, inverter, etc.). In previousversionsof DILL [9, 10] thesebasic
logic gatesweremodelledin anuniform way sothatthey couldbe usedin bothdesignstyles.

However, afterattemptingo verify somesynchronousircuitsmodelledby DiLL, it wasfoundthatthis
uniform model of basiclogic gatesintroducessomedifficulties during verification. As an examplefrom
theoriginal approachatwo-inputNandgateis modelledasfollows:

procesdNand2[lp1,lp2, Op](dtipl,dtip2,dtOp: Bit) : noexit:=
Ip1 ? newdtlpl: bit [newdtlpl nedtlpl];
Nand2[lp1,lp2, Op] (nendtlpl,dtip2, dtOp)
I
Ip2 ? newdtlp2: bit [newdtip2 nedtip2];
Nand2[lp1,Ip2, Op] (dtlp1, nendtlp2, dtOp)
I
(
let newvdtOp: bit= dtlp1 nanddtip2in
Op! newdtOp[newdtOpne dtOp];
Nand2[lp1,lp2, Op] (dtlp1, dtip2, nendtOp)
)

endproc

In this model,inputs canacceptinput changesat ary time (termedreceptvenessn someliterature),
andanoutputchangds not forcedto occurbeforeotherinputs. In otherwords,afastinput may pre-empt
a pendingoutput. In fact the modeladoptsthe assumptiorof inertial delayusedby hardwaredesigners,
which stateghatif theinputchangesrefasterthanthedelayof acomponentapendingoutputshouldnot
occur A comprehensk discussiorof delaymodelsin DiLL canbefoundin [10].

Althoughthis modelpreciselyreflectavhathappendn realdigital circuits, it resultsn non-deterministic
behaiour whenbasiclogic gatesareconnectedFor instanceasshown in Figurel, supposehata Nand?2
gateis built by connectingan And2 gatein serieswith an Inverter Sequenceske Ip1!1, 1p2!1, Ip1!0,
Op!landlpl!l,Ip2!1,i (Intl1), Ip1!0, Op!0arepossiblebehaioursof theimplementation Thedifference
depend®nwhetherlp1!0 comesbeforeor afterthe outputof the andgate,i.e. whetherthe changeon Ip1
is fasteror slowerthanthepropagatiordelayof theandgate.In thefirst sequencabove, Iplis afastinput
changethusthe pendingoutputis pre-emptedOp staysat 1. However in the secondsequenceabore, the
outputof theand2gateoccursbeforelp1!0, soit is possiblefor the Inverterto produceOp!0. If thecircuit
is examinedjust by observingthe externaleventsof the circuits, its behaiour appearsion-deterministic:
afterthe sameinput sequencethe outputmay be different. In fact thecircuit is deterministicprovidedthe
propagatiordelayof eachcomponents known andthetimeswheninputschanges determined.

Int (i)

Ipl

Ip2

Op
And?2 Inv ——

Figurel: An Implementatiorof a Nand2Gate

Standard_otos doesnot supportquantifiedtiming specification.(E-LoTtos (Enhancementt LOTOS
[8]) doeshowever supporttiming.) To avoid the non-deterministiproblemjust describedthe modelof a
basiclogic gatehasto be constrainedisexplainedin Section3.



1.2 Structur e of Report

Section2 whichfollowsintroduceshesynchronousircuitmodel. It is followedby adiscussionn Section3
of how to specifybasiclogic gatesandstoragecomponentsn this kind of circuit. Section4 explainshow
statehold componentsaremodelled. Theverificationof two benchmarlcircuits specifiedn thenew DILL
is presentedn Section5. Finally the conclusiongdravn from the casestudiesaregiven.

2 SynchronousCir cuit Model

The classicalsynchronougircuit modelis shovn in Figure 2. In this model, the combinationallogic

providestheprimaryoutputsandinternaloutputsaccordingo the primaryinputsandinternalinputs. (Each
pieceof combinationalogic is referredto asa stagein thefollowing). Theinternaloutputsarethenfed

into statehold componentso producetheinternalinputs. Feedbacks theessentiafeatureof all sequential
circuits. Synchronougircuits, asoneform of sequentiakircuit, are distinguishedrom the otherform

calledasynchronousn that the statehold componentsre controlledby a global clock. Changesf the

internalinputsaresynchronisedvith theclock,in otherwordsthey arechangednly ataparticulatmoment
of the clock cycle, saythe negative-goingor positive-goingtransitionof the clock. The internalinputs
determinehe stateof thewhole circuit.

primary — ] —— primary
inputs .| combinational | : outputs
logic
internal : : internal
inputs outputs
state
hold
component
clk —%°MP

Figure2: Synchronougircuit Model

Whendesigninga synchronougircuit, designerdave to ensurehatthe clock cycle is slower thanthe
sloweststagen acircuit. Thiscanbedoneby analysinghetiming characteristicsf thedigital components
usedin thecircuit. Because¢heuntimedversionof DILL cannotdealwith timing aspectsDILL cannotoffer
thefunctionality of checkingif the clock constraintis metor not. Insteadaswill be seenin Sectionst and
6.2, properlymodellingthe storagecomponentaindervironmentswill ensurehatthis conditionis always
fulfilled in DILL specifications.

In thepracticeof synchronouslesign primaryinputsarealsosynchroniseavith theclock signal,which
makesdesigningandanalysingcircuits mucheasier DiLL incorporateghis practiceinto its synchronous
circuit model. It assumeshatthe primaryinputshave alreadybeensynchronisedvith the clock signal.

Besidegheabove, the DiLL synchronougircuit modelhastwo morerestrictions.Although combina-
tional logic canbe specifiedin eitherthe structuralstyle or the behaioural style, it is importantthatthere
is no cyclic connectiorwithin eachstage.The otheris thatstoragecomponent$ave to be specifiedn the
behaioural style. Theserestrictionsare relatedto the way componentsare modelled,for otherwisethe
DiLL specificatiorwill deadlockwherea real circuit may still work well. This will be discussedn more
detailin Section3.

3 Modelling BasicLogic Gates

Beforemodellingbasiclogic gatesconsideagainthe synchronousircuit modelin Figure2. Supposehat
thereis an ervironmentwhich offers an event onceandonly oncefor eachprimary input within a clock



cycle. Thisis reasonablbecaus®ILL assumethatprimaryinputsaresynchroniseavith theclock. Under
this assumptiona basiclogic gateis modelledin sucha way thatwheneer aninput occurs,it will wait
until all the otherinputsoccur Thenan outputeventhappensaccordingto all the new input values. It is
easyto seethat transientsignaltransitionsresultingfrom differentarrival timesof differentinput events
canbefiltered out. An outputjust occursonceduringaclock cycle.

Note that this modelrequireseachsignalto appearoncein a clock cycle, in otherwords, no matter
if the valueof this signalchangeor not thereshouldbe an eventoffer. LOTOS eventsarethusno longer
modellingsignaltransitionsonwires, but ratherthesignallevels. For instancetheLoToseventIp!0 means
thatin a certainclock cycle the signallevel on wire Ip is 0. (A similar amumentappliesfor Ip!1). The
level on the samewire during the previous cycle could be 0 or 1, but the eventitself doesnot give ary
informationaboultits previouslevel.

Supposethat in eachclock cycle the environmentoffers every primary input event once. Suppose
furtherthat a statehold components modelledin sucha way thatit alsooffersevery internalinput event
once.Thenfollowing theway thatbasiclogic gatesaremodelledevery wire in a synchronougircuit will
have just oneeventoffer associatedvith it duringa clock cycle.

Thisanswersvhy thereis noneedoworry abouttheinfinitenessesultingfrom modellingLotosevents
assignallevels. Usuallyif an eventrepresents signallevel, therewill be an infinite numberof events
during an arbitrary time interval because level is a continuousvariable. However as discussedefore,
synchronougircuits actually progressn discretestepsunderthe control of a clock signal, so modelling
signallevelsbecomegossiblef aproperstratgy is used.

Thefollowing specificatiornpresentshe new modelof the Nand2gate. It senesasanexampleof the
behaioural style for modellingall digital componentén DILL. This shouldbe contrastedvith the Nand2
gatespecifiedn Sectionl.1.

procesdNand2[Ipl, Ip2, Op] : noexit =

Ip1 ? dtipl: Bit; exit (dtipl, any Bit)
. Ip2 ? dtip2: Bit; exit (any Bit, dtlp2)
>>) acceptdtlpl,dtlp2: Bit in
( Op! (dtiP1nanddtlp2);
Nand2[Ip1, Ip2, Op]

)
endproc (* Nand2*)

This model is not suitable for circuits containing cyclic connections. As discussedefore, each
componentis modelledin the mannerof ‘all inputs arrive, then output happens’. If thereis a cyclic
connectiorwithin acombinationaktage suchasthe formsshavn in Figure3, the DILL specificatiorwill
deadlock.This arisesbecausdeedbaclkconnectionsnaketheinputsandoutputsdependenbn eachother
Theright handsideof Figure3 is acommonbuilding block of latchesandflip-flops. Thisis why statehold
componentgannotbe specifiedn the structuralstyle.

— And or 7
Nor e

Figure3: Examplef Cyclic Connections
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4 Modelling StateHold Components

Thestatehold componentaremodelledin thebehaioural style. Themodelis almostthe sameastheone
usedn thepreviousDILL library, exceptfor two modifications.Themeaningdf LoTos eventsis changedo
representhesignallevel, andaconstrainis addedo meettheclock conditionmentionedn Section2. The
secondnodificationdeseressomediscussion.Supposéhe statehold components a D (Delay)flip-flop.
With thefirst modificationalreadyappliedto thepreviousDILL library, a simplifiedspecificatiorwould be:

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

I
Clk ? newdtClk : Bit;

(
[(dtClk eq1) and(newdtClk eq0)] =
DFF[D, Clk, Q] (dtD, newdtCIk)
I

[(dtCIk eq0) and(newdtClk eql)] =
Q! dtD;
DFF[D, Clk, Q] (dtD, newdtClIk)
)
endproc (* DFF*)

Supposehe D flip-flop is in serieswith a combinationalogic circuit asshavn in Figure4. If the Clk
signalof the D flip-flop is not constrainedit is possiblefor the clock to changetoo fastandmove to the
next cycle beforethe combinationallogic hassettleddown. The specificationof a synchronousircuit
shouldexcludethis possibility sincethe synchronousnodeladoptechereassumeshat the clock cycle is

slow enough.

Ipl D Q
. |Combinational -

lpn - Logic DFF

Clk

Figure4: Constrainton Clock Cycle

Supposehat, afterthe positive-goingtransitionof the clock signal,the eventat the flip-flop’s D input
hasnot occurredyet. This meanshat the calculationof the combinationalogic 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 processhat constrainghe behaiour of
the specificationrabose. The processConsDFF dealswith theinitial stateof theflip-flop. After the first
positive-goingclock transition,the next onehasto wait until aneventon D hasoccurred.Thisis ensuredn
procesConsDFF_Aux. Thenew specificatiorfor theflip-flop combineghe DFF procesandConsDFF

with the LoTos paralleloperator

processCons DFF[D, CIK] (dtCIk : Bit) : noexit :=
D ? newdtD : Bit;
Cons DFF[D, CIK] (dtCIk)

~ Clk ? newdtCIk : Bit:

[(newdtClk eq1) and(dtClk eq0)] = (* ignore-ve transition*)
Cons DFF_Aux [D, CIK] (newdtCIk)
I
[(newdtClk nel) or (dtClk ne0)] = (* outputon +ve transition*)



Cons DFF[D, CIK] (newdtCIk)
)

where
processCons DFF_Aux [D, CIK] : noexit :=
D ? newdtD : Bit; (* D eventhappensg)
Clk! 0;
Clk! 1; (* thenCIk!1 happeng)
Cons DFF_Aux [D, CIK]

Clk! 0; (* D eventhappensg)
D ? newdtD : Bit;
Clk! 1; (* thenCIk!1 happeng)
Cons. DFF_Aux [D, CIK]
endproc (* Cons DFF_Aux *)

endproc (* Cons DFF*)

5 Verifying Standard Benchmark Cir cuits

Thenew DiLL modelfor synchronousircuitshasbeenevaluatedon two standarcenchmarlcircuits[14]
that areintendedfor evaluatingdifferentapproacheso hardwareverification. The machineusedby the
authorsfor verificationwasa SUN workstationwith a 300 MHz CPUand128MB of mainmemory

5.1

CADP

Thetoolsetusedfor verifying thebenchmarlcircuitswasCADP (Caesaild ébararDevelopmentPackage
[3]), jointly developedby INRIA Rhdne-Alpesandthe VerimagLaboratory(Grenoble France). Among
CADP’s wide rangeof featuresthe following wereusedfor verifying the benchmarlcircuits:

CADP acceptdull Lotos asits input specificatiodanguage.

CADP containstwo compilersCaesaADT and Caesar CaesaADT translateghe datapart of a
Lortos specificationinto C typesand functions,while Ceesattranslateghe Lotos behaiour part.
Thetranslationof behaiour is combinedwith the C functionsgeneratedy CaesaADT to yield an
LTS (LabelledTransitionSystemusedfor verification)or C code(usedfor simulation,etc).

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

XTL (eXecutablefemporalLanguage)s afunctional-likeprogrammindanguagelesignedo allow
aneasy compactimplementatiorof varioustemporallogic operators.Severaltemporallogics like
ACTL (Action-BasedComputationalfTemporalLogic [2]), CTL (ComputationalfemporallLogic),
HML (Hennessy-Milnetogic [6]), andLTAC [13] have beenembeddedn XTL.

To partially resole the problemof statespaceexplosion, CADP incorporatessereral advanced
verificationtechniquesnto its algorithms namelycompositionagenerationpn-the-flycomparison,
andBDD (Binary Decision Diagram)basedsymbolic representationsf LTSs. Thesetechniques
makeit possiblefor CADP to verify relatively large applications.



5.2 Verification with CADP

The CADP toolbox offerstwo differentverificationmethods:bisimulation(usingthe Aldébarartool) and
temporallogic propertychecking(usingthe XTL tool). For verifying LoTos specificationsACTL is an
obviouscandidatebecausehe semanticof LoTosis alsobasedn actions. The modaloperatorsof HML
(BOX O, WBXX (WeakO), DIA &, WDIA (Weak<)) arealsoemployed.

For brevity, thefollowing givesonly aninformal explanationof thetemporaloperatorghatareusedin
propertyspecification.More detailedinformationaboutACTL andHML canbe foundin thereferences
citedearlier Thesemantic®f thetemporaloperatorss definedoveranLTS M consistingof (Q, A, T, gO):

e Qisthesetof states

Ais thesetof actions

Tin Q x A x Q is thetransitionrelation

g0in Q is theinitial state.

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

AG (F): all reachablestatesmustsatisfyF.

AG_A (A, F): for all reachablestates,all outgoingactions(if ary) that satisfy A mustresultin states
satisfyingF.

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

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

ACTL LINEV (A): from the currentstate actionssatisfyingA areinevitable.

AU_A B (F, A, B, G): thisistheuntil operatoilU. Theform usedin thefollowing propertyspecifications
is AU_A B (true, A, B, true). This meanghatfor the currentstate eachof its pathsshouldhave the
following property:the actionsalongthe pathsatisfy A until thereis anactionthat satisfiesB.

ACTL _NOT_TO_UNLESS (A, B, C): thiscanbereadas‘not A to C unlessB'. Fromthe currentstate,
afteranactionsatisfyingA thereis no pathsuchthatactionsnot satisfyingB could leadto anaction
satisfyingC.

EF_A (A, F): fromthecurrentstatethereexistsapathsuchthatactionsalongthis pathsatisfyA until they
leadto a statesatisfyingF.

EX_A (A, F): fromthecurrentstate thereexistsanactionsatisfyingA thatcanleadto a statesatisfyingF.

WDIA (A, F): thissaysthatfrom the currentstatethereexists a pathalongwhich severalinternalactions
thenonesatisfyingA mustleadto a statesatisfyingF.

6 Verifying the SinglePulser

6.1 Informal Description

Theinformaldescriptiorof theSingle Pulsercasestudyisdocumentedn thestané@rdbenchmarklocument:



A SinglePulseris a clocked-sequentialevice with a one-bitinput I, anda one-bitoutputO.
Thepurposeof thecircuit is describedasfollows. We have adebouncegush-tutton: on (true)
in the down position, off (false)in the up position. Devise a circuit to sensethe depression
of the button and assertan outputsignalfor one clock pulse. The systemshouldnot allow
additionalassertion®f the outputuntil afterthe operatomhasreleasedhe button.

Thedocumentatioralsodefinesinformally somepropertieghatthe Single Pulsemustrespect:
Property 1: Wheneerthereis arisingedgeat |, O becomesdrue sometime later.

Property 2: Wheneer O is true it becomedalsein the next time instance andit remainsfalseat least
until the next rising edgeon 1.

Property 3: Wheneer thereis arising edge andassuminghatthe outputpulsedoesnothapperimmedi-
ately, thereareno morerising edgeauntil thatpulsehappens(Therecannotbetwo rising edgeson |
withouta pulseon O betweerthem.)

Theimplementatiorof the Single Pulseris definedby the benchmarkasshavn in Figure5b.

N_Find .
Ck ¢ mp | DFF "”l T P Out
DFF
o | ! AND2

Figure5: Implementatiorof SinglePulser

6.2 Specificationin DILL

It is very straightforwardo representheimplementatiorof the SinglePulserin DiLL. Becauseheclockis
implicit in asynchronousircuit designdescribingcircuit propertiesloesnotalwaysrefertoit. Experience
alsoshaws thathiding the clock signalcanmakethetemporalogic 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]
)
)
[[CIK, Inp]|

DFF[P-In, CIk, Inp]
)
[[P-In, CIk, P-Ouf]]|
Erv [P-1In, Clk, P-Out]

The Env processsenes as the ervironment constrainton the Single Pulser It stipulatesthat the
ervironmentshouldoffer input-outputeventssuchthat P_In cancomebeforeeachpositive-goingclock
transition,andthatthe next clock cycle is readyonly afterP_Out hasoccurred.Without this constraintall
the propertiesdiscussedn the following sectionevaluateto false. The constraintbetweenP_ In and Clk
ensureghat P_In is synchronisedvith CIk. The constraintbetweeninputsandoutputrespectghe slow-
clockrequirementP_Out musthapperbeforethe next positive-goingclock transition. Theseassumptions
arenotautomaticallyguaranteetyy the circuit specificationput they arerequiredby the DiLL synchronous
circuit model.



processErnv [P_In, Clk, P_Out] : noexit :=

(
P_In ? dtPIn: Bit;

Clk! 1 of Bit;

Clk! O of Bit; exit
Il
P_Out? dtPOULt: Bit; exit
)
)

—
Erv [P-1In, Clk, P-Out]
endproc (* Env *)

6.3 Propertiesin XTL

The formulation of propertiesin CADP was explainedin Section5.2. Verification of the Single Pulser
wasundertakernusingonly XTL modelchecking,althoughit is not difficult to give a higherlevel specifi-
cationandthencheckthe equivalencebetweerthe two levels. In the following temporallogic formulae,
EVAL A (P_In!1) returnsthe actionsetincludingthe actionP_In!1. A varianton this, EVAL A (P_In...),
ignoresthe event offers andreturnsa setincluding all the possibleeventsrelatingto event P_In suchas
P_In!1, P_In!0, andsoon. Becausé otoseventsaremodelledassignallevelsinsteadf signaltransitions,
representingrising edgeshouldrelateto two clock cycles. In thefirst cycle thesignalshouldbeatlevel O,
in thesecondcycleit shouldbeatlevel 1. As statedin Section2, eachsignalhappen®nceandonly once
in aclock cycle, sothe secondappearancef the samesignalindicateshe secondclock cycle.

Property 1: If thereis arising edgeon input P_In, eventuallythe outputP_Outbecomedrue.

AG_A (
EVAL_A (P_In! 0), (* in thefirst cycle P_In is 0%)
WBOX (EVAL_A (P_Out...)), (* P_Outdoesnotcare*)
WBOX (EVAL_A (P_In! 1), (* in thesecondycle P_In rising *)
ACTL_INEV (EVAL _A (P_Out! 1)))) (* thenP_Out!1is inevitable*)

Property 2: Wheneer P_Out is 1 it becomed in the next state;andit remains0 at leastuntil the next
rising edgeon P_In. This propertycannotbe expressedn one formula becauseéACTL is unfair,
hencetwo formulaeareusedto capturethis property Thefirst saysthatif P_Outis 1 in someclock
cycle, thenit mustbeO in thenext cycle atleastuntil thethird clock cycle. Thisis thefirst partof the
property Thesecondormulasaysthatif theP_Outis 1, it isimpossiblefor it to remainl (soit must
be0) in thefollowing cyclesunlessP_In changedo 1. Notethatthe secondormulacannotinclude
thefirst onebecausé P_In changego 1 in thesecondycle, thesecondormulacannotexcludethe
situationthatP_Out alsobecomedl 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), (* seconccycle: 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 *)



EVAL_A (P.Out! 1), (* anotherP_Out! 1%)
EVAL_A(P_IN ! 1))) (* exceptP_In! 1%)

Property 3: Wheneer thereis a rising edge, andassuminghatthe outputpulsedoesnot happernmme-
diately, thereareno morerising edgeauntil thatpulsehappensin otherwords,therecannotbe two
rising edgeson P_ In without arising edgeon P_Out betweerthem.

AG_A (EVAL_A (P_In! 0), (* for all thereachablestatesr)
WBOX (not(EVAL_A (P-In...)),
BOX (

EVAL_A (P.In! 1), (* afterinputrising *)

not ( (* it is notthe casethat*)

EF_A ( (* existsa pathsuchthat*)

not (EVAL_A (P_Out! 1)), (* without P_Out!1%*)

WDIA (EVAL_A (P-In! 0),

WDIA (

EVAL_A (P-Out...),

WDIA (
EVAL_A (P-In! 1), (* existaninputrising*)
true))))))))

6.4 Verification Results

e ThesizeoftheLTS producedy CaesaADT andCaesafromtheDILL implementatiorhas295states
and538transitions.

e Aldébaramminimisesthe LTS to a smalleronehaving 97 statesand 174 transitionsmodulo strong
bisimulation. Subsequenterificationwasbasedn this smallerLTS.

e Aldébararshavsthatthe DiLL implementations deadlockree.
e XTL evaluatesall thefour formulaein Section6.3to betrue.

« Becausegheresultant. TSis small,all thegeneratiorandverificationstepgakenegligible time.

7 Verifying the Bus Arbiter

TheBusArbiter providedin thebenchmarldocumentatioiis agoodexampleof acontrol-dominantircuit.

It is well known thatverificationtechniquedasedn statespaceexploration,suchasthoseusedby CADP,

arenotsuitablefor the data-patteircuits(e.g.amultiplier or divider). Suchtechniquesnayresultin ahuge
statespacewhenthe datapathis wide. The arbiteris alsoa goodexampleof scalablemachinewhich is
a goodmediumfor evaluatingverificationtools: the numberof the cells canbe chosenaccordingto the
ability of the verificationtools.

7.1 Informal Description

Theinformaldescriptiorof theBusArbiter casestudyis documentedh thestandardenchmarldocument:

Thepurposeof theBusArbiter is to grantacces®n eachclock cycle to asingleclientamonga
numberof clientsrequestingiseof abus. Theinputsto thearbiterarea setof requessignals,
eachfrom a client. The outputsarea setof acknavledgesignals,indicatingwhich client is
grantedaccesgluring a clock cycle. Theinterfaceof the arbiteris shavn in Figure6, again
omitting theclock signal.

Thedocumentatiomlsodefinesinformally somepropertieghatthe Bus Arbiter mustrespect:



Property 1: No two acknavledgeoutputsmustbe assertedn the samecycle.
Property 2: Every persistentequesis eventuallyacknavledged.

Property 3: Acknowledgeis notassertedvithout request.

The correspondindCTL formulaearealsoprovidedin the benchmark.Besidedisting the properties
to be fulfilled, thereis also an arbitrationalgorithm explainedin plain English. Finally the gatelevel
implementatiorof the Bus Arbiter is providedin theform of a circuit diagram.

7.2 Higher-Level Specification

As a languageorientedtowardspracticalusage LOTOS is very expressve and supportsspecificationsat
variouslevels. Although the benchmarkcircuits have beenstudiedby mary researchersasfar asthe
authorsknow therehasnot beena formal specificatiorof the arbitrationalgorithmusedin thedesign.

With LoTos, it is possibleto provide sucha higherlevel specification.Therearetwo clearbenefitsof
suchaformalisation.Firstly, betterunderstandingf thealgorithmcanbegainedromrigorousspecification.
Secondlycorrectnessf thealgorithmitself canbe ensuredeforethe circuit is built andverified. Flawsin
thealgorithmwill bemoretime-consumindo correctif they arediscoseredonly afterimplementation.

Thearbitrationalgorithmembodiedn the designis around-robintokenschemewith priority override.
Normallythearbitergrantsaccesso theclientwhich hasthelowestindex numberamongall therequesting
clients. In otherwords, the client with the lowestindex numberhasthe highestpriority. However as
requestdecomeamorefrequentthearbiteris designedo fall backon around-robinschemesothatevery
requesters eventuallyacknavledged.Thisis doneby circulatingatokenin aring of arbitercells,with one
cell perclient. Thetokenmovesonceevery clock cycle. If aclient'srequesipersistdor thetime it takes
for thetokento makea completecircuit, thatclientis grantedmmediateaccesgo thebus.

Translatingthe algorithm to LoTos is quite straightforward. It is realisedmainly by LoTos value
expressionsFor exampleeachcell hastwo variablesassociatedavith it: tokenthatindicatesf thetokenis
in thecell, andwaiting thatindicatesf therequesbf thecorrespondinglienthaspersistedor acompleted
tokencycle. Circulatingthetoken, (re)settingthe waiting variableand so on correspondo LoTos value
expressions.For anarbiterwith threecells, thereareabout80 lines in total for the LoTos behaiour part
(seeAppendixA).

7.3 Lower-Level Specification

Thedesignof thearbiterconsistsof repeateatells. Eachcell is in chage of acceptingequessignalsfrom
aclient,andsendingbackacknavliedgementso thesameclient. Figure7 shovsthearbiterwith threecells.
Figure8 shavstheimplementatiorof eachcell. Thefirst cellis slightly differentbecausé is assumedhat
thetokenis initially in thefirst cell.

Theprinciple of thecircuit will notexplainedin detailhere.Briefly, theti (tokenin) andto (tokenout)
signalsarefor circulationof thetoken. Theto outputof thelastcell is connectedo theti input of thefirst
cellto formatokenring. Thegi (grantin) andgo (grantout) signalsarerelatedto priority. Thegrantof cell
i is passedo celli+1, andindicateghatno clientof index lessthanor equaltoi is requestingHenceacell
may asserits acknavledgeoutputif its grantinputis assertedThe oi (overridein) andoo (overrideout)
signalsareusedto overridethe priority. Whenthetokenis in apersistentequestingell, its corresponding
clientwill getaccesso thebus. Theoo signalof thecellis setto 1. Thissignalpropagategown to thefirst
cell andresetits grantsignalthroughaninverter As a consequencthe gi signalof every cell is reset,in
otherwordsthepriority hasno effect duringthis clock cycle. Within eachcell, registerT storesl whenthe
tokenis presentandregisterW (waiting) is setto 1 whenthereis a persistentequest.nitially thetokenis
assumedo bein thefirst cell.

Becausehe component®f eachcell arein theDILL library, it is very easyto form aDiLL specification
of a cell. The specificationof an arbiterwith threecells is obtainedby connectingthreesuchcells. As
for the SinglePulserthereis alsoanenvironmentconstraintin the structuralspecificatiorof thearbiterto
meetthe conditionsof the synchronougircuit modeldiscussedn Section2. SeeAppendixB for thefull
DiLL specification.
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Req0 Ack0
| L Ackl

Reql Arbiter

RegN — L AckN

Figure6: TheBusArbiter Interface

0
Req2 to o] go Ack2
ti 00 qi
Reql to 0i go Ackl
ti 00 qi
Req0 to oi go AckO
ti 00 qi

Figure7: BusArbiter with ThreeCells

to
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Figure8: Implementatiorof a Cell
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Sincethepropertieghatthearbitermustfulfill aregivenin thebenchmarldocumentationit is obvious
that the verification should consistof model checkingtheseproperties. Equivalencecheckingis also
performedsincetwo levels of specificationareidentified.

7.4 Propertiesin XTL

The formulationof propertiesn CADP wasexplainedin Section5.2. The propertiesareagaintranslated
into action-basedemporallogic, namelyACTL andHML. Thefollowing threeformulaereferto clientO;
theformulaefor otherclientshave a similar form.

Property 1: No two acknavledgeoutputsareassertedn the sameclock cycle (safety).

AG ( (* for all states.. *)
not ( (* it is notthecasethat... *)
EX_A ( (* thereexists action*)
EVAL_A (AckO! 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 persistentequesis eventuallyacknavledged(liveness).

AG ( (* for all states.. *)

BOX ( (* afterall its outgoingaction*)
EVAL_A (Req0! 1), (* whichis Req0!1... *)
AU_A_B (true,true,

(EVAL _A (AckO! 1) or (* eventuallyAckO!1 ... *)
EVAL _A (Req0! 0)), true))) (* unlessReq0!0%)

Property 3: Acknowledgeis notassertedvithout reques{safety).

AG ( (* for all states)
ACTL_NOT_TO_UNLESS( (* notReq0!0,Ack0!1lunlessReq0!1*)
EVAL_A (Req0! 0), (* afterReq0!0%)
EVAL_A (Ack0! 1), (* AckO!lisimpossible... *)
EVAL_A (Req0! 1)) (* unlessafterReq0!1*)

7.5 Verification Resultsfor Higher-Level Specification

To verify the higherlevel specificationagainstthe temporallogic formulae,the LTS of the specification
wasproducedirst. Ceesageneratean LTS with 3649statesand7918transitions.Aldébararreduceghis

to 379 statesand 828 transitionswith respecto strongbisimulation. Both generatiorand reductiontake
secondsThetemporallogic formulaearethencheckedagainsthe minimisedLTS. Eachis verifiedto be

truewithin 1 minute.

7.6 Verification Resultsfor Lower-Level Specification

Thereal challengecomeswhenthe lower-level DiLL specificationis verified. The statespaceis solarge
thatdirectgeneratiorof the LTS from the LoTOS specificationis impractical. As mentionecbefore,there
are several advancedtechniqguesmplementedn CADP to tackle the problemof statespaceexplosion.
Neverthelessusingon-the-flyverificationof the arbiteralsofails after considerableun-time. CADP also
doesnot currentlysupportthedirectgeneratiorof BDDs from a LoTos specification.
Compositionalgeneratiorwastried out to verify the arbiter Basicallytheideais thatof ‘divide and
conquer’.A Lotosspecificatioris dividedinto severalsmallerspecificationso makesurethatit is possible
for Caesato generat@anLTSfor eachof them. ThenAldébarans usedo reducehese TSswith respecto
asuitableequivalencerelation. The minimisedLTSsarethencombinedusingthe LoTos paralleloperator
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| Signal | Cyclel | Cycle2 | Cycle3 | Cycle4 |

Req0 |1 1 1 0
Reql | O 0 0 1
Req2 | 0 0 0 0
Ack0 |1 1 1
Ackl | O 0 0 0 (design)
1 (algorithm)
Ack2 |0 0 0

Figure9: A CounterExamplegeneratedby Aldébaran

(andalsothehide operatoif necessarytp form anetworkof communicatindg TSs(the CADPterm). At this

stageanLTS might be producedrom this network,or on-the-flyverificationmight be performedagainst
the network. In orderto getvalid verificationresults,specialattentionmustbe given to the equivalence
relationthatis used.Therelationmustbeacongruencatleastwith respecto thecompositionabperators,
herethe LoTos parallelandhide operators.The relationmustalsopresere the propertiesto be verified.

This ensureghat the resulting network of communicating. TSswill respectthe samepropertiesasthe

original LoTtosspecification Amongthethreepropertieproposedy thebenchmarkihefirst andthethird

are safetypropertieswhile the seconds a livenesgroperty Safetyequivalence[l] preseresall safety
propertieswhile branchingbisimulationequivalence15] presereslivenesgpropertiesvhenthereareno

livelocksin specificationsBoth of theseequivalencesirecongruencewith respecto theparallelandhide

operators.Thesetwo equivalencesrethusappropriateéo compositionabeneration.

The designof the arbiterwasdividedinto threepieces,one per cell of the arbiter After aboutseven
minutesin total, an LTS which is safetyequivalentto the LoTos specificationof the designis generated.
Thetwo safetypropertieswvereverified to be true againstthis LTS, implying thatthe designalsosatisfies
thesesafetyproperties . Verificationof theformulaetakegust secondsUnfortunatelythelivenesgroperty
hasnotyetbeenverified. The CADP algorithmfor minimisationwith respecto branchingbisimulationis
notvery efficient, soasinglecell cannotbe reduceddy this equivalencewithin areasonabléime period.

7.7 Verification Resultsfor Equivalenceof the Two Levels

Before verifying equivalencebetweentwo specificationsa suitableequivalencemust be chosen. For
mostsystemspbsenationalequivalenceis an obvious choice. Informally it meanghattwo systemshave
exactly samebehaiour in termsof the obsenableactions.For hardwaresystemstestingequivalence(two
specificationpassor fail exactly thesameexternaltests)is alsousedasacriterionin someapproachesuch
asCiRcAL (Circuit Calculus[11]). Thealgorithmfor testingequivalenceis notimplementedn CADP, so
thestrongeroneof obsenationalequivalencevascheckedor the Bus Arbiter.

As before,compositionabeneratiorwasexploited to generatehe LTS for the design. This time each
cell wasreducedwith respecto obsenationalequivalencesinceit is a congruencéor theparallelandhide
operators.After abouteightminutesin total, the LTS wasgeneratedlt wasexpectedthatthis LTS would
be obserationally equivalentto the onerepresentinghe higherlevel specification. However Aldébaran
discoveredthatthey arenot! Figure9 is oneof thesequencegivenasacounterexample.(The Aldébaran
outputhasbeenrenderednorereadablehere.) This sequencéndicatesthatin thefirst threeclock cycles
only client0 requestshebus; boththe high-level specificatiorandthe low-level designgrantaccesgo this
client. In thefourth cycle, client O cancelsts requestbut client 1 begins to requesiaccess.At this point
the two levels of specificationsare different: the lowerlevel specificationoffers 0 for Adk1, whereaghe
higherlevel specificatioroffers 1 for AL

After step-by-stegimulationof the counterexample, it wassoondiscoveredthatthecircuit of Figure8
providedin thebenchmarldoesnot properlyresetheoo (overrideout) signalwhenthefollowing situation
happensin thepreviousclock cycle, theW (waiting) registerof acell is set. But in thecurrentclock cycle,
its client cancelsthe requestand the tokenhappendo move into the cell. In this situation,becauseahe
client hasalreadycancelledts requesit shouldbe possiblefor anotherclient to getthe bus. However, the
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designstill setsthe oo signalto overridethe priority asif this clientwerestill requesting.This meanghat
no otherclienthasthe opportunityto accesshebusin this clock cycle.

Fixing the problemwasmucheasierthanfinding it. The correctionwasto connectthe Regsignalto
the Andgatethatfollowsthe W register Theoutputof the Andgateguaranteethatthe oo signalis always
correctlysetor resetaccordingto the requestignalin the currentclock cycle. This modifieddesignwas
verifiedto be obsenationallyequivalentto the higherlevel algorithmicspecification.

to
i | DFF
Clk (M And || DFF T
T w A
gi . And 790
Req

ol [or |-

Figure10: Modified Implementatiorof a Cell

In summaryverificationof the Bus Arbiter yieldedthe following obsenations:

thearbitrationalgorithmwasshown to be correctwith respecto the propertieproposed

ashortcomingpf the designwasidentified

themodifiedcircuit designwvasshavn to beobsenationally equivalentto thehigherlevel specification

thedesignwasshawn to satisfythe safetypropertiegproposed

satisfactiorof the livenesgproperty(Property2) hasnot yet beenverified dueto limitations of the
tool/machineperformance.

8 Conclusion

Thisreporthasinvestigateda way of specifyingsynchronougircuitsin DiLL. With thenew model,it was
possibleto verify the SinglePulserandBus Arbiter hardwarebenchmarlcircuitswith the CADP toolset.

In comparisorto othersystemdnvestigatingthe samecasestudies,suchasCosmaN [5] and CIRCAL,
DiLL wasfoundto bemuchmorecorvenientfor giving ahigherlevel specification.Thisis notsosurprising
sinceLoTOS is avery expressve languageorientedtowardspracticalusage CIRCAL, for example,givesan
abstractiiew of a synchronougircuit by directly specifyingits correspondindinite statemachinewhich
is notalwaysa naturalrepresentatioof circuit behaiour.

Basedon processalgebra,DiLL specificationsanbe verified by equivalenceand preorderchecking.
This is distinctive in that moststate-of-the-arhardwareverification systemsare eitherbasedon theorem
proving or on temporallogic modelchecking. The formerdoesnot supportautomaticverificationsinceit
needshumanassistancéo completea proof. The latter needsspecialisedxpertisesincetemporallogic
specificationgrenoteasyto write. In contrastequivalenceor preordercheckingmakest possibleto write
thespecificatiorin thesamdormalismastheimplementationhereDILL (or really, LOTOS). Thecorrectness
of aDILL specificatiorcanbeeasilycheckedy simulationtools. Anotherbenefitof equivalencechecking
can be seenfrom the casestudy of the arbiter As a classicalverification benchmarkthe Bus Arbiter
hasbeeninvestigatedisingmary approachesBut asfar asthe authorsknow, no onehaspointedout the
problemreportedn Section7.7.

Ontheotherhand,thesizeof the circuitsthatcanbe effectively verifiedis very smallcomparedo the
sizeverified by othermaturehardwareverificationtools. CosmN canverify anarbiterwith four cellsquite
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easilywith the consumptiorof aboutl MB memory dueto the symbolicrepresentatiomsingBDDs and
CosmN'sefficientreductiontechnique$4]. CIRCAL isreportedo generate¢hestatespacenf anarbiterwith
up to 40 cellsusingreasonableomputingresourcegalthoughthe actualmemoryusedwasnot reported)
[12]. Againthisis dueto the BDD representatioof CIRCAL specification.Note that CIRCAL wasnotin
factusedto verify the arbiterformally. [12] just givesatestpatternto shawv thatevenif all clientsrequest
thebus,only onecangettheaccesgo thebusin eachclock cycle. CIRCAL doesnot have thefunctionality
of temporallogic modelchecking,andbecausef its limited power in specifyinghigherlevel behaiour,
testingequivalencecheckingwasnot usedfor this casestudy CADP on the otherhandconsumesnore
than100MB to producethe statespaceof the 3 cell arbiter Althoughtheresultingstatespaceds relatively
small,theintermediatestagef generatiomeedconsiderablenemory

Therearetwo mainreasondor this performancdimitation. Onecomesfrom the modellinglanguage
Lotos andthe othercomesfrom CADP itself. Firstly, for synchronougircuitsthe orderin which signals
occurduringaclockcycle is notsoimportant. For example,in Figure4 therelative orderof Ip1 andip2 does
not matter: thefinal valueon D is alwaysthe same.Soit is reasonabl¢o imaginethatthe inputshappen
togetherandthenoutputoccurs. But whenmodellingsuchcircuitsin DILL, it is necessaryo distinguish
thesesothe statespaces unnecessarilyarge. For synchronougircuit modelling,true concurreng may
be more suitable,andthis is the model adoptedby CIRCAL. Secondly the main featuresof CADP are
still basedon explicit stateexploration. BecauseCADP cannotproducethe minimisedstatespacein the
first place, large amountsof memoryhave to be consumecdbefore a smallerLTS can be producedby
minimisation. On-the-fly algorithmsare of somehelp, but they apply only in particularsituations. For
example,obsenationalequivalencecheckingcannotbe performedon-the-fly As discussedefore,aBDD
representatioof LOTOS specificationss not supportecby CADP. Actually BDDs areonly a intermediate
datatype of someof algorithmsimplementedn CADP, and experienceshows that thesealgorithmsare
very slow whenthe statespaceis large evenif they save alot of memory The languageproblemmight
be solved by extendingDILL to useE-LoTos [8]. Thetool problemis currentlybeinginvestigatedoy the
CADP developers.
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A Behavioural Specificationof The Bus Arbiter

Thefollowing is the LoTos behaiour partof the Bus Arbiter higherlevel behaioural specification:

(* T2, T1, TO indicateif thetokenis in the correspondingell *)
(* W2, W1, W0 indicateif the correspondingell hasbeenwaiting *)

processArbiter [Req2,Reql,Req0,Ack2, Ackl, AckO]
(T2, T1,TO, W2, W1, WO : Bit) : noexit :=

Req2? dtReq2: Bit; exit (dtReg2,any Bit, any Bit)
Il

Reql? dtReql: Bit; exit (any Bit, dtReql,any Bit)
Il

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

)
>
acceptdtReq2,dtReqldtReqO: Bit in (* currentReqvalue*)
(
let temp: Bit =TOin (* circulatethetoken*)
(
let

nenTO: Bit =T2,
newT2: Bit =T1,
nenT1: Bit = temp,
(* currentwaiting values*)
nevWO : Bit = dtReqOand(TO or WO0),
nevW1 : Bit = dtReqland(T1 or W1),
nevW?2 : Bit = dtReq2and(T2 or W2) in
(* variable‘client’ indicatesf aclienthasa persistentequest,
only onecanbetrue*)
(

let
client2: Bit = dtRegq2andT2 andW2,
clientl: Bit = dtReqlandT1 andW1,
client0: Bit = dtRegqOandTO andWO in
(* variable'above’ indicateif thereis persistentequestgrom
theabove clients™®)
(

let
above2: Bit = 0 of Bit,
aborel: Bit = client2,
abore0: Bit = client2or clientlin
(* checkif thegrantshouldbe givento aclient; thisis decidedby:
o thisclienthasa persistentequesbr
o thisclientis requestingandthe otherclientsabore do not
have persistentequestg)
(
let grant0: Bit = clientOor (dtReqOandnot (abore0))in
(
let grantl: Bit =
clientlor (dtReglandnot(grantO)andnot(abovel))in

(
let grant2: Bit =
client2or
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(dtReg2andnot (grantO)andnot (grantl)andnot (abose2))in

(
(
AckO'! 1 of Bit [grantOeq1 of Bit]; exit

I
AckO'! 0 of Bit [grantOeqO of Bit]; exit
)
Il

Ackl! 1 of Bit [grantleq1l of Bit]; exit

0
Ackl1! 0 of Bit [grantleqO of Bit]; exit
)
Il
(
Ack2! 1 of Bit [grant2eq1 of Bit]; exit

I
Ack2! 0 of Bit [grant2eqO of Bit]; exit
)

)
) (* endof let grant2*)

) (* endof let grant1*)
) (* endof let above *)
) (* endof let client*)
) (* endof let new *)
>
Arbiter [Reg2,Reql,Req0,Ack2, Ackl, AckO]
(newT2,newT1, nenTO, nevW2, nevW1, nevWo)
) (* endof lettemp*)
) (* endof accept)
endproc (* Arbiter *)

B Structural Specificationof The Bus Arbiter

The following is the DiLL Bus Arbiter structuralspecification. As will be seen,eachcell hasit own
ervironmentprocesgCelll Env, Cell2 Env, Cell3_.Env). Thesecanbe combinedto oneto makea more
concisespecification But the separatervironmentprocessemay helpto producesmallerLTSswhenthe
circuitis verified.

include(dill. m4)
divert

circuit(
‘Arbiter [Req2,Req1,Req0,Clk, Ack2, Ackl, AckOT','

hide Override. In2, Override. In1, Override. In0O, Override.OutO,
Token Out0, Token Outl, Token InO,
Grant Out0,Grant Outl,Grant Out2,Grant In0O, Clk in

(
Last[Reg2,Token Outl,Grant Outl,Override In2, CIk,

Ack2, Token In0, Grant Out2,Override. In1]
|[Token.Outl1,Override-In1, Grant Out1,CIK]|
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Middle [Reql,Token OutO,Grant OutO,Override_In1, CIk,
Ackl, Token Outl,Grant Outl,Override In0]
)
[[Token.InO, Override In0, Token Out0,Grant Out0, CIK]|
First[Req0,Token In0, Grant In0, Override. In0, CIK,
AckO, Token Out0,Grant Out0,Override Out0]

where

processFirst[Req0,Token In0, Grant In0, Override.In0, CIk,
AckO0, Token Out0, Grant Out0, Override- OutQ] : noexit :=
(
Cell1[Req0,Token In0, Grant In0, Override. In0, CIK,
AckO0, Token Out0, Grant Out0,Override. OutO]
|[[Override. Out0, Grant InQ]|
Inverter[Override. Out0,Grant In0]
)
[[Req0,Clk, AckQ]|
Cell1_Erv [Req0,CIk, AckO]
endproc (* First*)

processMiddle [Reql,Token OutO,Grant OutO,Override_In1, CIk,
Ackl, Token Outl,Grant Outl,Override In0] : noexit :=
Cell2_Plus[Req1,Token Out0,Grant Out0,Override.In1, CIk,
Ackl, Token Outl,Grant Outl,Override.In0]
[[Reql,Clk, Ackl]|
Cell2_Erv [Reql,Clk, Ack1]
endproc (* Middle *)

procesd.ast[Req2, Token Outl,Grant Outl,Override In2, CIk,
Ack2, Token InO, Grant Out2,0verride.In1] : noexit :=

(
Zero[Override. In2]
|[[Override In2]|
Cell2_Plus[Reqg2,Token Outl,Grant Outl,Override In2, CIK,
Ack2, Token In0, Grant Out2,0verride. In1]
)
[[Reg2,Clk, Ack2]|
Cell3_Erv [Req2,CIk, Ack2]
endproc (* Last*)

processCelll[Req.In, Token In, Grant In, Override_In, CIk,
Ack_Out, Token Out, Grant Out, Override. Out] : noexit :=
hide notToken,notT, W, TorW, WIn, TandW GorCircle,notRin
(
Inverter[Token.In, notToken]
[[notTokenr|
DFlipFlop_Pos[notToken,Clk, notT]
|[notT]|

Inverter[notT, Token Out]
)
[[Token.Out, CIK]|

Or2[Token Out, W, Torw]
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[[Token Out, W, TorwW]|

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

DFlipFlop_Pos[WIn, Clk, W]
W1

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

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

And2 [GorCircle,Req In, Ack_Out]

)
[[TandW Grant In, Req In]|

(
Inverter[Req. In, notR]
[[notR]|
And2 [notR, Grant In, Grant. Out]

)

Il
Or2[TandW Override.In, Override.Out]
endproc (* Cell1*)

processCell2_Plus[Req In, Token In, Grant In, Override.In, CIK,
Ack_Out, Token Out, Grant Out, Override Out] : noexit :=
hide W, TorW, Win, TandW GorCircle,notRin
DFlipFlop_Pos[Token In, Clk, Token Out]
[[Token Out, CIK]|
(

Or2[Token Out, W, Torw]
[[Token. Out, W, TorwW]|

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

DFlipFlop-Pos[WIn, Clk, W]
(W1

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

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

And2 [GorCircle,Req In, Ack_Out]

)
[[TandW Grant In, Req. In]|

(
Inverter[Req.In, notR]
[[notR]|
And2[notR, Grant In, Grant Out]

)

Il
Or2 [TandW Override.In, Override.Out]
endproc (* Cell2_Plus*)

processCelll_Env [Req0,CIk, Ack0] : noexit :=
Req0? newvdtReq: Bit;
Clk ! 1 of Bit;

(
AckO ? newdtAck : Bit; exit
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Il
)

—
Celll_Erv [Req0,CIk, AckO]
endproc (* Celll_Env *)

Clk! O of Bit; exit

processCell2_Env [Reql,Clk, Ackl] : noexit :=
Reql1? newvdtReq: Bit;
Clk ! 1 of Bit;
(

Il
)

—
Cell2 Erv [Reql,Clk, Ack1]
endproc (* Cell2_Env *)

Ackl ? newdtAck : Bit; exit

Clk! O of Bit; exit

procesLell3_Env [Req2,Clk, Ack2] : noexit :=
Req2? newvdtReq: Bit;
Clk ! 1 of Bit;
(

Il
)

—
Cell3_Env [Reqg2,Clk, Ack2]
endproc (* Cell3_Env *)

Ack2 ? newdtAck : Bit; exit

Clk! O of Bit; exit

DFlipFlop - Pos. Decl
And2_Decl
And3_Decl
Or2_Decl
Inverter_Decl
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