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Abstract

This document is a first proposal for an extension of PSL toward real-time and
analog properties. It represents mainly the work of Verimag and Weizmann with a
participation of ST in giving insights about the the design and validation of such
circuits. Additional useful information about analog design was provided by
sources outside PROSYD, including Dolphin SA, CEA/LETI, Intel, Professors
Rutenbar and Krogh from CMU and Prof. Hedrich from Hannover.

Purpose

The purpose of this document is to lay a foundation for usage of temporal logic in
design an analysis of analog and mixed signal systems.

Intended Audience

This document is intended for formal methods researchers who are interested in
extending their work to the analog and mixed signal domain. This document will
enable them to understand the fundamental problems associated with the transition
to this domain. It is also intended as introductory reading for designers who are
interested in validating circuits of analog and mixed signal type. This document
demonstrates the advantages and limitations of using formal methods for validation
of these kinds of circuits. It should be considered as a first step to bring these two
communities closer.

Background

See section 2.
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1 Intr oduction

This documents afirst proposalfor an extensionof PSL towardreal-timeandanalogproperties.
It representsnainly the work of Verimagand Weizmannwith a participationof ST in giving
insightsaboutthe the designandvalidationof suchcircuits. Additional usefulinformationabout
analogdesignwasprovidedby source®utsidePROSYD, includingDolphin SA, CEA/LETI, Intel,
ProfessorfkutenbamlandKrogh from CMU andProf. Hedrichfrom Hannoer.

Therestof thedocuments structuredasfollows:

Section2: scientificandtechnologicabackgroundf this work, emphasizinghe sharpcon-
trastin maturity levels betweerdigital andanalogverification.

Section3: continuous-aluedsignalsandthe problemsrelatedto their processingy com-
puters.

Sectiord: propertiesn thecontet of suchsignalsandcharacterizatiothetypeof properties
thatwe focuson.

Section5: the major part of this documentwherewe introducethe specificationlanguage
STL (SignalTemporalLogic) thatwe develop. We startwith anintuitive explanationof the
way it treatsthe particularfeaturesof signals,namelyinfinite state-spacanddensemetric
time andthenproceedwith formal definitionsof the syntaxandsemantic®f STL.

Section6: someexamplesof sTL formulaeandof signalsthatsatisfyandviolatethem.
Section7: a sketchof somefurtherpossibleextensionsof thelanguage.

Section8: someadditionalrelatedwork thathasbeenconductedvithin PROSYD but is not
partof the currentdeliverable hamelythe developmenif propertymonitorsfor sTL andthe
exhaustve verificationof someanalogcircuitstestcases.

Section9: Conclusions.

In AppendixA we presentadditionalbackgroundmaterialwhich placesthe proposedextensions
in amoregenerakontet of a hierarcty of modelsfor reactve systems.Theapproachakenthere
modelsa reactve systemas a fair discretesystem We then considerthe extensionsneededto

handlereal time and continuoussignals,shaving how theseextensionscan still be modeledas
discretetransitionsystems.We shov how this modelingcan supportdeductve and algorithmic
verification.



2 Background

We startby situatingtherole of this work-packagevithin PROSYD. Propertybasedsystemdesign
meanghata systemis characterizedby a setof propertiest shouldsatisfy Thesepropertiespec-
ify, in aformal languagewhich tracesof I/O behaiors the systemmay exhibit while interacting
with its external ernvironment. Thereare basicallytwo approachegor validatinga systemwith
respecto a given property Both of themarebasedon transformingthe propertyinto a property
monitor, a mechanismnthatcheckswhethera given behaior (sequencef I/O events)satisfieshe
property Thismonitorcanbeviewedeitherasanautomatoracceptingxactly the setof satisfying
behaiors [VW86] or asa procedurewvorking recursvely both on the lengthof the sequenceand
onthesyntacticstructureof the property

In simulation/testinga modelof the systemis usedto generatesimulationtraces,andeachof
thoseis checled by the monitor. If oneof thetracesviolatesthe propertythe systemis incorrect.
However sincethe systemis to be exposedto a potentiallyinfinite (or prohibitively large) number
of inputs, it is impossibleto completethis procedurefor all possibleinputs. A large effort in
this domainis aboutthe systematiaeneratiorof test-caseshat someha “cover” all classef
behaiors.

The goal of algorithmic verificationis moreambitious. The transitiongraphof the systemis
exploredin orderto shav thatall the sequence# cangenerateareacceptedoy the monitor A
majorproblemhereis thatof state-&plosionasthenumberof statef thesystemis exponentialin
the numberof state-ariables(memoryholding elementsin the caseof digital circuits). Much of
thecurrentresearclin verificationis aboutfinding cleverwaysto copewith this situationandabout
developingthe methodologicabspectof property-basedystemdesign,asthe PROSYD project
attemptsto do. This work-packagas concernedvith extendingthis methodologyto analogand
mixed-signalsystems.To assesshe contrastbetweenthe respectre situationsin the digital and
analogdomainsit is worth recallingthe evolution of (digital) formal verificationup to the present:

e Earlywork on programverification(1965-1977).

¢ Introductionof TemporalLogic asaformalismfor specifyingpropertiesof reactve systems
(Pnueli1l977).

e Work on deductve (partly-manual)erificationfor TL (1977-present).

¢ Firstmodel-checkingalgorithmsfor fully automaticverification(Queille and Sifakis 1980,
EmersorandClarke 1981).

¢ Firstworkshopon computeraidedverification(Grenoble 1989).
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e Firstsymbolicmodel-checkr thatcouldtreatsystemswith state-spacéoo large to be enu-
meratedMcMillan 1992).

e Thedevelopmentbf industrial-strengttverificationtools (1993-present)

e The Intel bug andthe proliferationof formal verificationinto the semi-conductomdustry
(1995).

e Thedevelopmentof Sugar(1994-1998).
e Acceleradiscussionghatculminatein PSL(1998-2004).

e ThePROSYD projectstarts(2004)

As we cansee,it took almost30 yearsto pushtheoreticalideasinto industrial-strengthools
andalongtheway, in additionto impressve algorithmicdevelopment cultural gapsbetweenthe-
oreticiansand practitionershadto be bridged. Verificationis foundeduponlogic, automataand
semanticavhich are part of theoreticalcomputerscience. To a certainextent someknowledge
of thesetopicsis part of the backgroundof digital designersvia Booleanlogic and sequential
finite-statemachines.In the otherdirection,mosttheoreticalcomputerscientistshave a basicun-
derstandingof digital circuits, at leastat the gate andflip-flop level of abstraction.Conferences
like CAV: ComputerAided\erification aswell ascollaborationdbetweerresearcherandindustry
contrituteda lot to the creationof acommonverificationculture.

Thesituationin the analogdomainis radically different. The electricalbehaior of transistors
in digital circuitsis justa meando realizelogical gates. This implies thatthe functionalcorrect-
nessof acircuit canbevalidatedusinganabstractmodelthatcorresponds$o asequentiamachine,
without worrying too much aboutthe physical realization. Suchphysical detailsmay influence
“non-functional” propertiesof the circuit suchastiming or power consumptionput the logical
abstractionis robust with respectto suchvariations. In contrast,the functionality of analogcir-
cuitsis defineddirectly in termsof continuouselectricalquantities.As suchthey aremuchmore
sensitve to unavoidable (and sometimegandom)perturbationdrom the overall operatingervi-
ronmentsuchasvoltagefrom thesupply temperaturenoisefrom nearbyelectronicor noisefrom
fundamentakourcessuchasthe physics of the insidesof the basictransistors.One unpleasant
consequencef this situationis thatimportantparametersf the circuit dynamicsaredetermined
only afterphysical placemenbr evenfabrication.

Thebehaior of analogcircuitsis simulatedandanalyzediusingmodelsof continuousdynami-
cal systemsspecifiedby differentialandalgebraicequations Systematianathematicasupportfor
theseactvities existstypically only for linearsystemsThecultureof designersnayincludemary
non-digitalpartsof electricalengineeringincluding signalprocessingandits mathematicabasis
(Fourier analysis,informationtheory), linear algebraandlinear systemsheory numericalcom-
putationsandof course jntimateknowledgeof the behaior of realtransistorsandof the physics
of the particularapplicationdomainsin which the circuits are used. Most of thesedomainsare
outsidethe backgroundf computerscientists.The history of the attemptdo export formal verifi-
cationmethodologytowardmodelsadmittingreal-valuedvariablesanddensdime is muchshorter
andis outlinedbelow:



e First attemptsto define specificationformalismsand computationaimodelsfor real-time
systemg1985-1995).

e Positveresultsconcerninghe verificationof timedautomatgAlur andDill 1990[AD94]).
¢ A first proposato verify hybrid systemgMaler, MannaandPnueli1991).

e Developmentof the algorithmicapproactfor the analysisof timedand*linear” hybrid au-
tomata(Henzingeret al); First tools: Kronos (timed automataVerimag),Hytech (hybrid
automataBerkeley); Negative undecidabilityresultsthatshow thatexactverificationis im-
possibleeven for systemswith few continuousvariableandvery simple dynamics(1992-
1998).

¢ Developmenbf thefirst toolsfor approximatererificationof continuousandhybrid systems
having non-trivial continuousdynamicswith few statevariables(CheckmateCMU 1999;
d/dt, Verimag2000; Hysdel, ETH 2000); Control systemsanalysisis the main application
domain.

e Firstattemptdo applyformal verificationto analogcircuits (2002-present).

As onecansee,the verificationof systemshaving continuousvariablesis, provably, muchmore
difficult thanthat of finite-statesystemsandthat verificationtools for suchsystemsare still in
theirinfang. Beforetrying to export verificationmethodologyto analogcircuits we shouldfirst
clarify the motivation for doing so. Chipswith analogor RF function on them are notoriously
difficult to getright on thefirst try, soanything we do thathelpsuncover morefunctionalflaws or
“bad behaiors” in subtlecornersof the performancespaces regardedasworthwhile. Designers
of suchcircuits do usemathematicamodelsfor analyticaland numericalcomputationsput the
treatmentf thesemodelss morein theengineering@andappliedmathematicsradition,withoutthe
carefulsemanti@andmethodologicatonceptslevelopedfor modelingdigital concurrensystems.
Sincethe importanceof analogcomponentgrows assystemsecomemoreintegratedon a chip
andmoreembeddedh the physicalworld, any contritutiontowardacceleratingheir development
will have significanteconomiaconsequencedt is believedthatformal methodswill occupy some
complementaryicheamongthecurrently-usedlesignmethoddor analogsystemsasthey already
dofor digital systems.

The goal of the analogpartof PROSYD is to lay the foundationfor suchfuture progressy
developingverificationmethodgor analogandmixed-signakircuitsandby proposingextensions
to the propertyspecificationanguagegPSL)thatwill allow designergo specifydesiredproperties
of suchcircuitsandto checkwhethergivenbehaiors of the systemsatisfythem.



3 Behaviors

A behaior of asystemis afunctionfrom atime domainto its state-spacedn discretesystemssuch
asautomatathetime domainis typically a discretdinearly-orderedsetwhichis orderisomorphic
to thenaturalnumbergweignoreherepartialordersusedsometimedor distributedsystems)This
time domainis moreof a “logical” natureratherthanmetric. This meansthatwe areinterested
morein the orderamongthe eventsratherthanthe real-timetemporaldistancebetweerthem. In
otherwords, if we take a behaior of a systemand“accelerate’partsif it without changingthe
orderof events,thebehaior will be consideredspracticallyequivalentandwill satisfythe same
setof propertiesIn digital synchronousircuits, this time domainoftencorrespondso theticks of
themainclock,andhencesomemetricaspect®f time arerepresentedl hestate-spacef adigital
systemconsistsof all possiblecombinationsof valuesof memoryholding elements.At the gate
level this meansessentiallyBooleanvectorsand, moregenerally the possiblevaluesof registers,
encodedaswell in binary. Hencea behaior of a digital systemcanbe viewed asa sequencef
statess : N — B".

In analogsystemshe statevariableshold continuousguantitiessuchas voltageand current
which areperceved asrealnumbers.Unlike digital systemsvheresuchvaluesareobsenedonly
atcertaintimeinstantsjn analogsystemsve areofteninterestedn theevolution of theseguantities
over the entiretime axis. Mathematicallyspeaking suchbehaiors are viewed as signalsof the
form s : R, — R™ Thismuchrichertype of objectsraisessomeconceptuaproblemsthatdo not
existin digital sequences.

Thefirst problemis relatedto the effective representationf signals,a pre-conditionfor their
treatmentby computers.Digital sequencesanbe simply representedy a list s[0], s[1], ... that
specifiegheirvalueateachtimeinstant.Analogsignalscannotbewholly specifiedn thisway due
to thedensityof realnumbersln somecaseghey canbespecifiedby aclosedform expressionfor
examples|t] = sin(t), while for the purposeof simulationthey arerepresentedia discretization
of boththe time domainandthe state-spaceFor the latter, onetypically usesthe floating-point
numbers,a finite but ratherdensesubsetof the rationals. Thusinsteadof sayingthat s[t] = =
for somez € R", we canonly saythatst|] = z’ wherez’ is a floating point numberin the
neighborhoodf x. Much of the researchn numericalanalysisandsimulationtoolsis concerned
with the effect of suchimprecision,accumulatiorof errors,etc. We do not considerthis to bea
majorissuein thedefinitionof temporalpropertiesof signals.

The finite representatiof the time domainandthe valuesof the signalon it is muchmore
problematic.Therearetwo basic(non-analyticvaysto give afinite representatioof asignal. The
first approachs basedon uniform sampling.A discretizatiorstepé is chosenandthediscretized
time domainis setto be the sequence, 26, . . .. A signalis thenspecifiedass’ = s(9), s(20) .. ..
This leadsto aninherentlossof informationaswe do not know the value of the signalbetween
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two samplingpoints. This meansthat s’ representsn infinitude of signals,all thosethat agree
with s’ onthesamplingpoints. Thisrepresentatiosanbeinterpretecasdefininga specificdefault
signal(piecevise-constantpieceavise-linearor otherinterpolation)which canbe madeascloseas
we wantto s (usingvariousmetrics)by makingo smaller

The complementargpproackor representingignalsis by usinga non-uniformsubsebf the
time domain. For example,one may uselarge discretizationstepswhen the signal valueis in
“lessimportant” partsof the state-spaceandthenusemore densesamplingwhenthe valuesare
in the importantrange. In the samespirit, we canrequirethat the discretizedtime domainwill
includeall instantswhenimportanteventsdo happenfor examplewhenthe value of a variable
crossesomepre-definedhreshold.lt is clearthatusingthis approachdifferentsignalswill have
differentdiscretizedtime domainsasthey crossthresholdsat differenttimes. Theseapproaches
aresometimeseferredto as“time-triggered”and“event-triggered’sampling.

Theseconsiderationsvill have practicalconsequencesswe definewhatit meandor agiven
signalto satisfy a property However, sincethesefeaturesof the signal presentatiormay vary
dependingon the simulationmethodusedandotherdetails,we adoptthe following stratgy: we
definethe semanticof the specificationlanguagan termsof the ideal mathematicabbjects,that
is, signalsof theform s : R, — R"™, andonly whenconsideringconcretealgorithmsfor checking
satishctionwe referto the actualfinite presentatiorf the signal.

It is alsoworth mentioningthat the richnessof the mathematicatealsallows oneto define
pathologicalsignalssuchas thosewith infinite frequeng® which shouldbe excludedfrom the
discussion.However, oneshouldbe carefulbecausat is not alwaysclearwhatis to be assumed
andwhatis to be proved. For example,if we know thevaluesof s attwo samplingpoint¢ andt’,
we mayusesomeboundonthetime derivative of s to deduceboundonits valueduringthewhole
intenal [¢, '], but sometimeshe boundon the derivative canbe exactly whatwe wantto verify.

IFor example signalswhich are1 onrationalsand0 onirrationals.



4 Properties

In digital verification propertiesare usedto distinguishbetweengood and bad behaiors. The
simplestand most frequently usedpropertiesspecify the absenceof certain“bad” statesin the
sequencén question.More sophisticategropertiesspeakof the occurrenceof certainsequential
patternsin the behavior, for example,“a is followed by 4”. The two mostpopularspecification
stylesare basedon tempoal logic andon regular expressionsrespectiely. Onedifferencebe-
tweentheseformalismis thattraditionally temporallogic is moreadequatdor multi-dimensional
signalswhile regular expressionsat leastclassically were orientedtoward monolithic alphabets.
Themaindistinguishingfeaturebetweerthetwo is in the operatorusedfor sequencingTemporal
logic usesthe until operator(or its pastanaloguethe sinceoperator),while regular expressions
useconcatenatiofconcatenatiomasalsointroducednto temporalogic via the“chop” operator).
Both formalismsarevery naturalin the context of digital sequentiamachinesandaresupported
by the PSL language On the otherhand,they arequite differentfrom theway continuoussignals
areevaluatedby practitionersandtheoreticiansn domainghatarerelevantfor analogsystems.

Perhapshe mostnaturalway to introducepropertiedo thesedomainss to startfrom themore
generalnotion of performancaneasue. A performancaneasuras a functionthat mapsa signal
into one ore more numbersthat measurdts quality, and cansere asa basisfor preferringone
signalovertheother Suchmeasuresanbe basedn integratingthe valueof the signalovertime,
onits beingperiodic,onthefrequeng spectrunof thesignalor onits distancdrom somereference
signalthatdescribeghe ideal behaior of the system.Fromthis point of view, propertiesarejust
aspecialtype of performanceneasuravhich mapsignalsinto a two-valuedBooleandomain,that
is, goodandbad.

Sincethe goalof this partof PROSYD is to extendproperty-basedystemdesignfrom digital
to analogsystemsthefirst proposafor languagesxtensionis to adaptthe“sequential formalisms
usedin the formerto continuousandmixed signals.Suchformalismsarenew to analogdesigners
andthefirst proposedxtensionwill providethemwith anew languagehatcanexpresgphenomena
they could not expressso far, at leastnot in a systematicandexplicit manner In further stages
of the projectwe will alsoattemptto includein our languageadditionalfeaturesthat formalize
otherperformancaneasuresurrentlyusedby designersin therestof the documenive focuson
signal tempoal logic (sTL), developedwithin this work-packagea naturalfirst-orderextension
of propositionallinear temporallogic which addressethe two conceptualifficulties mentioned
above: densemetrictime andinfinite state-space.
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5 Signal Temporal Logic

5.1 Intuition

We startwith aninformal descriptionof the designdecisiondor the proposedanguagesxtension.

5.1.1 Infinite State-Space

The building blocks of temporallogic for digital systemsare the atomic propositions,symbols
thatreferto instantaneousaluesof Booleanstatevariables.Fromtheseatomicpropositionsone
constructsstateformulae by meansof Booleanoperations. Each stateformulaethus definesa
subsetof the state-spaceAt ary time instantt one can checkwhetherthe Booleanvector s|t]

satisfiesa stateformula.

For real-\aluedvariablesthe state-spaces infinite (andeven non-countableandenumeration
of its elementss impossible. Subsetof R™ are definedusing symbolic expressiongformulae,
constraintsinequalitiesthatneedto be satisfiedby a stater = (z4,. .., z,) in orderto belongto
thesubsetSuchconstraintsanvary in compleity, startingwith simple“rectangular’constraints
of theform z; < ¢, throughmoregeneralinearinequalitiesof theform

a1r1 + g + -+, tapTy, < C

to morecomplec algebraicandtrigonometricones.Sincetherangeof possibilitieshereis infinite,
we will parameterizéhe definition of the logic by the primitive constraintaused. Thatis, if P =
{m, ..., un} is asetof constraintseachof which defininga characteristidunction of the form
i - R — B, thenthe setof temporalformulaethatcanbe constructedrom thesebuilding blocks
will becalledsTL(P).

5.1.2 DenseTime

As previously mentionedtheconceptuatlifficultiesassociateavith moving from discreteto dense
time aremuchmoreimportant.In fact,the needfor densé‘asynchronoustime formalismsis not
restrictedto analogcircuits and canbe very usefulfor the functionalanalysisof digital systems
which arenotclockedor for finertiming analysisof digital circuitsin generalIf welook atthe“a
followedby b” specificationwe seethatit saysnothingaboutthe time betweerthesetwo events.
If we modeldigital circuitsin moredetail at thelevel of gatesplusdelays.their performanceand
eventheir correctnessnay dependeritically on thetiming parametersDuring thelast 15 yearsa
lot of effort hasbeeninvestedn extendingspecificatiorandverificationmethodologyfrom purely
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discretesystemdo such“timed” systemsTheseextensiondncludethe developmentof thetimed
automatormodel, which is an automatonaugmentedvith fictitious clock variables,and whose
behaiors consistof discrete-alued continuoussignalsor of eventsseparatedy non-uniform
periodsof time. Somemember®f theconsortiumareactively involvedin modelingdigital circuits
with bi-boundeddelaysusingtimedautomataAs a specificatiorformalism,numerousextensions
of temporalogic have beenproposedn orderto expresshe metrictime aspect®f suchbehaiors.
A timed extensionof regular expressionshasbeenproposedecentlyandhasbeenshovn to be
eqguialentin expressve power to timed automatgdA CMO02].

After having investicatedthe timed extensionsof temporallogic we have choserto basesTL
on thereal-timelogic MITL [AFH96], obtainedfrom classical‘untimed” temporallogic via the
following modifications:

1. The Next operatorgs dropped. In untimedsequencedyext refersto the next logical time
instant,whichis, of course meaningles thedenseorderoverthereals.

2. The othertemporalmodalitiesare replacedby timed temporalmodalitieswhich have an
intenal [, m] (with [ andm integerssuchthat! < m) asaparameterThis interval restricts
thetime variablesin the standardsemanticof theseoperatorgo bewithin thisinterval. For
example,in the untimedformula eventuallyp, we saythatthereexists sometime ¢ in the
future suchthatp holdsatt. In thetimedversionof this formulawe addthe constraintthat
t € [, m] relative to the present.

Much of the effort in this work-packagevasdirectedtoward studyingthe propertiesof this logic
andthe developmentof monitoringproceduregor checkingwhethera signalsatisfiessucha for-
mula.

5.1.3 Combining Infinite State-Spacewith DenseTime

The semanticof STL(P) is definedin two phases.Theinitial formula ¢ is constructedrom the
stateconstraintan P andthe Booleanandtemporaloperators.Thenthis formulais transformed
into an MITL formula ¢’ by replacingeachy; with a propositionalvariablep;. In parallel, the
signals to be checledis transformednto a Booleansignals’ in which p; is consideredastruein

s attimet if u; is satisfiedby s[t|. Hences satisfieghe original STL formulay iff s’ satisfieghe
MITL formulay’.

5.2 Formal Definitions

In this sectionwe formalizethe proposedogic andits semanticdomain. While doing sowe take
into accountthe major validation methodthat we develop for this logic, namelymonitoring. In
the presentationwe usethe mathematicahotationfor the temporaloperatorsvhich canbe easily
transformednto the actualsyntaxof PSL.



5.2.1 Signals

Let thetime domainT bethesetR -, of non-n@ative realnumbers.A finite lengthsignals over
adomainD is a partialfunctions : T — D whosedomainof definitionis theinternal I = [0, ),
r € Qso. We saythatthe lengthof the signalis » anddenotethis factby |s| = r. We usethe
notations[t| = L for everyt > |s|.

Signalsover differentdomainscanbe combinedandseparatedisingthe standarcpairingand
projectionoperatorsaaswell asary pointwiseoperationLets; : T — Dy, s5: T — Dy, 812 : T —
D; x D, andssz : T — D3 besignalsandlet f : D, x Dy — D3 beafunction. Thepairingfunction
is definedas

S1 || S9 = 8512 if Vit Slz[t] = (Sl[t], Sg[t])
andits inverseoperationprojectionas:
S1 = 7T1(812) So = 7T2(812)-

Thelifting of f to signalsis definedas

S3 = f(Sl, 32) if Vit 83[t] = f(Sl[ﬂ, SQ[t])

Note thatif s; ands. differ in length, the corvention f(z, L) = f(L,z) = L guaranteeshat
s3] = min(|sy . |s2)-

In therestof this documentunlessotherwisestated,we restrictour attentionto Booleansig-
nals,D = B. In thiscasgandfor discretedomainsn generalll reasonablsignalsarepiecavise-
constantandcanbe representedby their valueson a countablenumberof intervals. An interval
coveringfor aninterval I = [0, r) is asequencd€ = I, I,... of left-closedright-openintervals
suchthatlJ ; = I andl; N I; = () for everyi # j.

An interval covering Z is saidto be consistenwith a signals if s[t] = s[t]| for every ¢, ¢’
belongingto the sameinterval /;. In that casewe canalusenotationandwrite s(/;). We say
thata signal s is of finite variability if it hasa finite interval covering. It is not hardto seethat
suchsignalsare closedunderpointwiseoperationspairing and projection. We restrictoursehes
to signalsof finite variability which are,by definition,non-Zeno.An intenal coveringZ is saidto
refineZ’, denotecby Z < 7' if VI € Z I’ € 7’ suchthat! C [I’. Clearly, if Z’ is consistentvith
s, SOIS T.

We denoteby 7, the minimalintenal covering consistentvith afinite variability signals. The
setof positve intervalsof s is Z7 = {I € Z, : s(I) = 1} andthe setof negative intervals is
I; =1I,—TI/}. ABooleansignals : T — B canberepresentety thepair(|s|, Z,"). Suchasignal
is saidto beunitary if Z; is a singleton.Clearly ary Booleansignal s of finite variability canbe
writtenass = s; V so V... V s Whereall s; areunitaryandtheboundarie®f their corresponding
positive intenalsdo notintersect.

5.2.2 Real-time Temporal Logic

We considerthe logic MITL,; asafragmentof thereal-timetemporallogic MITL, introducedin
[AFH96], suchthatall temporalmodalitiesarerestrictedto intervals of the form [a, b] with 0 <



a < banda, b € Q5. More onvariousdialectsof real-timelogic canbefoundin [AH92, Hen98§.

Theuseof boundedemporalpropertieds justified by the natureof monitoringwherethebehaior

of asystenis obsenedfor afinite timeinterval. Henceunboundedemporalpropertiesaareavoided
sincethey mayhave anambiguousneaningvhenmonitoringfinite behaiors. Thebasicformulae
of MITL, ; aredefinedby thegrammar

p:=p| @ |1V | ol 2

wherep belongsto asetP = {pi,...,p,} of propositionsFrombasicmITL, ; operatoronecan
derive otherstandardooleanandtemporaloperatorsin particularthetime-constrainegventually
andalwaysoperators:

Foge =TUle and Gy = Fpy—e

We interpret,MITL,; overn-dimensionaBooleansignals. Thesatishctionrelation(s,t) =
¢, indicatingthatsignals satisfiesy startingfrom positiont, is definedinductively asfollows:

(s.1) b p o )l =T
(s:8) = o (s, ) e

(s;,) Epr Vs — (s,t) E@ior(st) = o

(5,t) F ol o2 < W €t +a,t+0b](s,t') | prand

\v/t// c [t,t,], (S,t”> }: Sol

Notethatour definition of the semantic®f the time-bounded:ntil operatordiffers slightly from
its corventionaldefinitionsinceit requiresatimeinstantt’ € [t + a,t + b] whereboth (s, ') = 9
and(s,t’) = 1. This definition doesnot have ary repercussiorn the derived eventually and
always operatorsvhich retaintheir usualsemantics:

(5.) - Fage < 3t €t +[a,b] (5.0)
(s,8) = Gagp < V' €t +a,b] (s,')

A signals satisfiegheformulayp iff (s,0) = ¢.

According to the standardsemanticdor temporallogic, the satishction of a formula with
unboundednodalitiescanrarely be determinedvith respecto afinite signalor sequenceln fact,
only the satishctionof Fp or theviolation of Gp canbe detectedn finite time. By usingbounded
modalitieswe avoid the problemsrelatedto the ambiguityof = whenappliedto finite signalsor
sequencedNeverthelessevenfor MITL, 4 certainsignalsaretooshortto determinesatishctionof
theformula,for examplethepropertyG, ;;F. o p cannotbeevaluatedon signalsshorterthanb +d.
Hencewe restrictourselesto signalswhich aresuficiently long. Thenecessariengthassociated
with aformulay, denotedoy |||, is definedinductively on the structureof theformula:

=X
=X

1l =0

|1 =ll = llel|

lor Vool [ = max([[@q]], [[al])
lorlhiaypall = max({[el], [[2l[) +0

Thereadercanverify thats = ¢ is well definedwhenever |s| > ||¢||.



5.2.3 Real-Valued Signalsand sTL

In this sectionwe extendour semantiacdomainandlogic to real-\aluedsignalsto obtaina dense-
time variantof first-ordertemporallogic. While Booleansignalsof finite variability admita finite
representatiorthisis typically notthe casefor real-valuedsignalswhich areoftenrepresentegia
sampling,thatis a sequencef time stampedvaluesof the form (¢, s[t|). Althoughwe definethe
semanticof thelogic in termsof the mathematicabbjects,signalsof thefrom s : T — R™, we
cannotignoreissuegelatedto their effective representatiobasedn the outputof somenumerical
simulator

Our logic, to be definedin the sequel,doesnot speakaboutcontinuoussignalsdirectly but
rathervia a setof static abstractionsof the from p : R™ — B. Typically x will partition the
continuousstate-spacaccordingo thesatisactionof someinequalityconstraintontherealvari-
ables. As long as p(s[t]) remainsconstantwe do not really careaboutthe exact value of s[t].
However, in orderto evaluateformulaewe needthe samplingto be sufficiently densesothatall
suchtransitionscanbe detectedvhenthey happen.Theproblemof “eventdetection”in numerical
simulationis well-knowvn andcanberesoledusingvariablestepadaptve methodgor numerical
integration.

However this may raise problemsrelatedto finite variability and Zenonesginfinitely mary
statetransitionsin a boundedinterval of time). Consideran abstraction: : R — B definedas
u(x) = 1iff z > 0 andconsidera signals that oscillateswith an unboundedrequeny around
theorigin. Sucha signalwill crosszerotoo oftenandits abstractiormayleadto Booleansignals
of infinite variability. Theseareeternalproblemsthatneedto be solved pragmaticallyaccording
to the contt. In ary casethe dynamicsof mostreasonablesystemshave a boundedfrequeng,
andeven if we addwhite noiseto a system,the frequeng remainsboundedby the size of the
integrationstepusedby the simulator Fromnow on we assumehatwe dealwith signalsthatare
well-behaing with respecto every p, thatis, i(s) hasa boundedvariability andevery changen
1(s) is detectedn thesenseahatevery pointt suchthat(s[t]) # limy_; pu(s[t']) isincludedin the
sampling.

Definition 1 (Signal Temporal Logic) LetP = {u1,...,u,} bea collectionof constaints, ef-
fectivefunctionsof the form i; : R™ — B. AnsTL(P) formulais anMITL[,; formulaover the
atomicpropositionsy (), . . . pn ().

Any signalwhichis well-behaing with respecto P canbetransformednto a Booleansignal
s’ : T — B" suchthats” = py(s)||pu2()|]-- . ||zn(s) is of boundedvariability. By construction,
for every signals andsTL formulay, s |= ¢ iff s’ |= ¢ inthemITL, ;) sensavherey’ is obtained
from ¢ by replacingevery p;(z) by apropositionalhariablep;.

The processof checkingsatishctionof an sTL formula ¢ by a signals decomposesito two
parts. As afirst stepwe constructa Boolean“filter” for every u; € P which transformss into a
Booleansignalp; = u;(s). The signalthusobtainedcanbe checled for satishctionagainstthe
corresponding/iTL, ;) formulay’.

To illustratethe Booleanfiltering processconsiderthe signalsin|[¢| wheret is givenin degrees
andu(x) = = > 0. Thesignalis of length400 andis sampledevery 50 time units plus two
additionalsamplingpointsto detectzerocrossingat 180 and360. Theinputto theBoolearfilter is

(0,0.0), (50,0.766), (100, 0.984), (150, 0.5), (180, 0.0), (200, —0.342),
(250, —0.939), (300, —0.866), (350, —0.173), (360, 0), (400, 0.643)



andthe outputis a Booleansignalp suchthatZ® = {[0, 180), [360,400)}.



6 SomeExamples

In this sectionwe demonstratesometypical propertiesthat can be expressedn sTL and give
examplesof their satishctionandviolation by signals.

6.1 Following a ReferenceSignal

As afirst examplewe shav how thefactthata signalfollows anothersignalwith somedelaycan
be expressedn sTL. We considertwo periodicsignalsz; andx., rangingin [—1, +1] andwant
to expressthe propertythanwheneer oneof themcrosseghe thresholdof (.7, sodoesthe other
within ¢ € [3, 5] time units. The correspondingpropertyis:

Gio,300 (21 > 0.7) — Fzs)(z2 > 0.7)).
Let usfix thefirst signalto bethe sinusoid
x1[t] = sin(wt),
andlet x, beasignalgeneratedby
zo[t] = sin(w(t + d)) + 6

whered is arandomdelayrangingin [3, 5] degreesandd is anadditive randomnoise. Figure6.1
shaws the two signalswherez, is generatedvith negligible # andhenceit’s form is closeto that
of ;. The Booleansignalsp,; andp, arethe Booleanabstractiorof x; andx,, respectrely, via
the constraintz > 0.7. In otherwords,they shav the pointsin time whenthe signalssatisfythis
constraint.Themonitoringproceduregenerate®ooleansignalsfor all sub-formulaefor example
thesignalFs 5 (z2 > 0.7) is high atall pointsin time ¢ for for whichz, > 0.7 attime ¢ + ¢’ with
t' € [3,5]. Thelastsignalin Figure6.1shaws thetruth valueof the mainformulaeovertime, and
sinceit is trueattime zero,the signalssatisfythe property

In Figure6.2) we have choserto generater, with muchlargeradditive noisef € [—0.5,0.5].
Thefluctuationan thevalueof x5 arereflectedn theBooleanabstractiorp, andleadto aviolation
of the propertyat somepointswherex; > 0.7 is notfollowedby z, > 0.7 within the pre-specified
time.

6.2 Stabilzability

Thesecondexampleis averytypical stabilizability propertyusedextensvely in controlandsignal
processing.The systemin questionis a “plant” hasto maintainan outputsignalarounda fixed
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Figure6.1: A 2-dimensionakignalsatisfyingthepropertyGg sog ((z1 > 0.7) — F35(z2 > 0.7)).
Booleansignalscorrespondo the evolution of thetruth valuesof sub-formulaeovertime.
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Figure6.2: A 2-dimensionakignalviolating the propertyGi 3o (21 > 0.7) — Fz5(22 > 0.7)).



level despitedisturbancefrom theoutsideworld. Theactualsystemusedto generatehis example
is awaterlevel controllerfor a nuclearplant. The disturbancesomefrom changesn the system
loadthattrigger changesn the operationsof the reactorthat changethe waterlevel. The role of
thecontrolsystemis to stabilizethe waterlevel again aroundthe desiredvalue.

This property(Figures.4) we seethat the outputsignaly violatesthe propertyboth by over-
shootingbelow —30 andby takingmorethan150 time unitsto returnto [—0.5, 0.5].
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Figure6.3: A disturbancesignalandan analogresponse; satisfyingthe stabilizability property
Giz00,2500 ((|y| < 30) A ((ly] > 0.5) = Fo,150/Go,20)([y| < 0.5))).



DisturbanceSignal
00

50 ‘ i 3

AnalogResponsey(t)
50 T T T T T

0
_50 - .

_100 | | | | |

p =y € (-0.5,0.5)
2

o R B || L] ]

-1 | | |

q2= y € (—30,30)

il U I u ]
_1 |

GgLQMP T

o I I L] L ]
-1 | I |

Fg,mo]e[o,m]p

1 . _

1 L I L]
-1 |
ﬁg — F[o,lso]G[o,zo‘]P

1 -

1 L u L]
-1 |
ﬂz’ - F[o,lso]G[o,m‘]p

1 -

1) Il I I L]
-1 |
G5,00,2500](11 A (=P — F0,150]C[0,20]P))

T T

1 - N -

_g_) ! ! ! ! !
0 500 1000 1500 2000 2500 3000

Figure6.4: A disturbancesignaland an analogresponse; violating the stabilizability property
Giz00,2500 ((|y| < 30) A ((ly] > 0.5) = Fo,150Go,20)([y| < 0.5))).



7 Potential Extensions

In this sectionwe mentionseveral possibleextensionsof the proposedogic, someof which are
subjectto ongoingwork to bereportedn DeliverableD1.3/2.

7.1 Simple Extensions

Herewe mentionextensionghatmayaddsomeexpressve power but arebasedon the sameprin-
ciplesassTL andexpressthe sametypeof properties.

7.1.1 Events

MITL andsTL arestate-basetbrmalismsandassuchthey cannotdistinguishapointin time where
p becomesdrue from otherpointswherep is simply true. Using primitive suchasp 1 andp | for
the rising andfalling of p, one canexpresspropertiessuchas boundedvariability (the distance
betweenrary two successie changess atleastd) as:

Go.((p T— Gp,ap) A (p L= Gjo,q—p))-

Thereis no problemin addingthis featureto the logic exceptfor slightly complicatingthe moni-
toring proceduradueto the needto considerall combinationf left/right closed/operntenals.

7.1.2 Past

Pastoperatorglo not addexpressve power to temporallogic but sometimedacilitatethe expres-
sion of certainproperties.Oneadwantagethey have over future operatorss thatthe construction
of monitorsfor pastformulaein a form of deterministictimed automatas muchsimpler (this is

anew resultobtainedby consortiummembersandwill be discussedn DeliverableD3.2/6). The

semantiaefinitionof pastoperatorss symmetricto thoseof future operators.

7.1.3 Regular Expressions

Addingtiming constraintgo regularexpressionss donein a differentstylethanin temporallogic.
Thetiming restrictionis realizedby the (), operatomwhich constrainghemetriclength(duration)
of the signalssatisfyingy to bein anintegerboundednterval I. We sketchherethe syntaxand
thesemantic®f timedregularexpressiongasintroducedn [ACMO02]. A variantof thisformalism,
adaptedo real-valuedandmulti-dimensionakignals will bepresentedn deliverableD1.3/2.
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Theset&(X) of timedregularexpression®ver analphabet:, is definedrecursvely aseither
a, p1- P2, 1V P2, p1 Aps, O 0Or (p)r wherea € X, ¢, 1, o € £(X) and/ is anintegerbounded
intenval. We usethe notationa” for a signalwhosevalueis constantlye andits metric length
(duration)is . Thesemantic®f timedregularexpressionsharecommonfeatureswith standard
regularexpressionsn whatconcerndBooleanoperationsconcatenatiomndKleenestar Thetwo
specificfeaturesarethe semanticof the atomicsymbols,definedas

o] = {a" : 7 € Ry},

thatis, the setof all a-signalsof arbitraryduration,andthe semanticof the time restrictionoper
atorwhichis

(o)l =N{s: s elel Als| €T}
Herearesomeexamplesof expressiongndtheir semantics:

e Expressiona) 3 denoteghesetof a signalsof lengthin (0, 3].

e Expression(a - b)(y,3 denotesall signalscomposedf ana partfollowedby ab partwhere
the sumof durationof thetwo partsisin (0, 3].

e Expressior{(a - b)( )" denotesll signalscomposeaf zeroor morerepetitionsof elements
of [[(a . b>(073}]].

e Expression((a - b)*),3 denotesall signalsof total durationin (0, 3], consistingof zeroor
morerepetitionsof ab signals.

e Expressiona-b)s-cAa-(b-c); denoteall signalsof thelogical from abc suchthatc starts
3 time unitsafterthe beginningof the signalandends3 time unitsafterd starts.

7.2 Richer Temporal Properties

All propertiesdiscussedso far are basedon static abstractiongrom the continuousstate-space
into Booleans. This meansthat valuesof a signal at differenttime instantscan“communicate”
only throughtheir BooleanabstractionsFor examplewe candefineconstraintson the temporal
distancebetweera pointt wherex[t| > c andapointt’ wherez|t'| < d but we cansaynothingin
STL aboutthedifferencer|t] — z[t'|. To beableto speakof suchpropertiesve will needto extend
thelogic with non-Boolearifilters”, thatis, operatorghattransformreal-valuedsignalsinto other
real-\aluedsignals. Suchoperatorscan be memorylesdik e point-wisearithmeticoperationsor
operatorsvith memorysuchasintegrators.Theconstructiorof monitorsfor thistypeof properties
will haveto rely onblocksfor suchoperatorghatexist in therespectre simulationtools.

7.3 Infinitary Properties

Temporalogicis traditionallyinterpretedverinfinite sequencefr whichit canexpressnfinitary
w-propertieghat specifyrepeatedlyoccurringpatternsandperiodicbehaiors. Sinceour work is
gearedoward monitoringwhich works, by definition, on finite signals,we will not considersuch
extensionsatthis point. Life is difficult enoughwith continuoussignalof finite duration.



7.4 Non-Temporal Properties

Fromdiscussionsvith designerst turnsout thatfrequeng-domainpropertiesof signalsarevery
usefulfor evaluatingcertaincircuits. Suchpropertiesarequite differentfrom time-domainproper
tiesandwe hope towardtheendof theproject,to proposesomeformal supportfor them.Monitor-
ing for suchpropertieswill be basedon runningthe signalthroughtime-to-frequeng transforms,
suchasFourier’s,andcheckingthe propertiesof the obtainedspectrum.



8 Additional RelatedWork

This sectionprovidessomeadditionalinformationthatallows thereviewersto situatethework on
languageextensionin the generakontext of theanalogactvities of PROSYD.

8.1 Monitoring

Monitoring is not partof the currentdeliverableandwill be presentedaterin DeliverableD3.2/6.
However we find it usefulto reportthe progressmadein this direction, becausehis is the ul-
timate applicationof the proposedanguageand henceits major adequag criterion. So far we
have developedandimplementedamonitoringprocedurdor sTL [MNO4]. This procedurgeadsa
propertyandareal-valuedsignal,transformst into a Booleansignaland,throughbackwardprop-
agation of truth values,establishesatistiction. This proceduredueto its backward nature,can
only be appliedoffline, thatis afterthe simulationhasterminated A prototypeimplementatiorof
sucha monitoring procedurehasbeeninterfacedwith Matlab/Simulinkandusedto generatehe
monitoringexamplesin Section6.

We arecurrentlyworking onthedevelopmenbf anonlineprocedureéhatcansometimesletect
violation or satisfctionof certainformulaebasedon a prefix of the simulationtrace. Suchan
extensionrequiressomenew theoreticakesultsaboutthe determinizatiorof timedautomata.

8.2 Verification

In parallelwith the work on monitoring, we continuewith our efforts to pushthe limits of ex-
haustve verification of analogcircuits. In the paperattachedo this deliverableas an appendix
[DDMO04] we apply verificationtechniquedo two analogcircuits. We usereachabilityanalysis
techniquedor hybrid systemdo verify a Biquadlow-passfilter andanothertechnique pasedon
bounded-horizomptimal control, to shav thata Sigma-Deltanodulator(animportantingredient
of analogto digital corverters)doesnot reacha saturatiorpoint.

8.3 Workshop Organization
Membersof the consortium togethemwith otheracademiandindustrial colleague®rganizethe
first workshopon verificationof analogcircuitsto be heldin Edinburgh on April 2005.1t is hoped

thatsuchaforumwill increasehe avarenes®f analogdesignergo the potentialcontribution of
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formal verificationto thedesignprocessandwill alsodivert someof the enegy of theverification
communitytowardtheseproblems.



O Conclusions

We have presentedhe majoringredientof the extensionof PSL toward analogcircuits, the logic
STL thattakesinto accounthe particularfeaturesof analogsignals.This logic is alreadycovered
by a monitoringprocedurehat canchecksatisactionof stTL formulaeby simulationtraces.The
next stepsfor the secondyearof the projectare:

1. Morediscussionsvith analogdesignersn orderto getsomefeed-baclontheproposedogic
andits suitability for describingpropertiesof certaincircuits. Onedifficulty is thatanalog
designersendto beverybusypersonsanddo nothavetime to investin ideasthatcomefrom
analienculture. In arecentmeetingbetweenverimagandST in Agrateit wasdecidedto
look atflashmemoryspecificationsasa possibletest-caseEffort will bemadeto meetmore
designerdrom otherST sites.

2. Enrichingthelogic with someof thefeaturesnentionedn Section7 with priority to adding
events,richertemporalpropertiesandtreatmentof regular expressions.Someof the deci-
sionswill bebasedon feedbackrom designers.

3. Improving themonitoringprocedurdo work asonlineaspossibleandto treatthe extensions
to thelogic.
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Appendix A
A Hierar chy of Reactive Models

A.1 Intr oduction

This appendixpresentghe extensionsinto real time and continuoussystemsas an evolution of
a hierarcly of models,wherethe baselineare the untimed systemsnormally consideredwithin
hardwaredesign.

Most of the materialwhich follows is basecon [MMP92] and[KMPOQQ].

A.2 A Property-BasedFramework for Specificationand Veri-
fication

A property-baseffamework for specifyingandverifying temporalpropertiesof reactve systems
mustcontainthefollowing components:

e A computationaimodeldefiningthesetof behaiors (computations)hatareto beassociated
with systemsn the considerednodel.

¢ A propertyspecificationanguagdor specifyingpropertiesof systemswithin the model. In
our case,PsL is the baselinespecificationanguagewhich this reportshons how to extend
in orderto captureadditionalmodelingfeatures.Otherfragmentsandvariantsof temporal
logic have beenconsideredn differentcontexts. To be of practicaluse,a descriptionof a
specificationanguageshouldbe accompaniedby typical casestudiesillustratinga charac-
teristicclasse®f propertiesandhow they areexpressedn the specificatiolanguage.

e A systemmodelinglanguagefor describingsystemswithin the model. We frequentlyuse
both atextual programminganguageandappropriateextensionsof the graphicallanguage
of statechart$Har87 to presentsystems.In the contet of hardware design,appropriate
languagesouldbevHDL andVERILOG, aswell asthe smv inputlanguage.

e A recipefor constructinga propertymonitor for an arbitrary specification.This monitoris
mainly usedin testingfor checkingwhethera behaior satisfiesa specifiedproperty where
the behaior caneitherbe generatedhroughsimulation,or by probingan existing imple-
mentation(run-timetesting).
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e A setof verificationmethodsenablinga fully automaticverification of whethera given
modelsatisfiesa givenspecification.

To encompassghe proposedextensionswe considera hierarcly of threemodels,eachextending
its predecessoasfollows:

¢ A reactivesystemsanodel that capturesthe qualitative (non-quantitatie) temporalprece-

denceaspecbf time. This modelcanonly identify thatone event precedesnotherbut not
by how much.

¢ A real-timesystemsnodelthatcaptureshe metricaspecbf timein areactve system.This
modelcanmeasurehetime elapsingbetweenwo events.

¢ A hybrid systemsnodelthat allows the inclusion of continuouscomponentsn a reactve
real-timesystem.Suchcontinuouscomponentsnay causecontinuouschangen the values
of somestatevariablesaccordingto somephysicalor controllaw.

In Fig. A.1 we depictthe evolution of thethreemodels.

Reactive Systems
Expressegprecedenceelationsbetweerevents

'

Real Time
Canmeasureempoal distance
G(request — Fyy 5 response)

'

Hybrid Systems
Allowing ContinuousSignals

FigureA.1: Hierarcly of thethreemodels

A.3 Reactve Systems

The modelof reactve systemss includedin this reportfor the purpose®f referenceandserving
asabaselineThisis themodelwhichis handledby unextendedpsL, andtherestof the projectis
dedicatedo the developmentof toolsandmethodologiesor this model.



A.3.1 A Computational Model: Fair Discrete Systems
A fair discretesysten(Fps) D = (V. O, p, 7, C) consistf:

e V —A finite setof typedstatevariables A V-states is atypeconsistentnterpretatiorof 1.
We denoteby s|z| thevaluethatstates assigndo variablex € V. Let X, denotethe setof
all V-states.

© —An initial condition A satisfiableassertiorthatcharacterizetheinitial states.

p — A transitionrelation An assertionp(V, V'), referringto both unprimed(current)and
primed (next) versionsof the statevariables. For example,x’ = = + 1 correspondso the
assignment := z + 1.

J = {J1,...,Ji} A setof justice(weakfairnesg requirementsEnsurethata computation
hasinfinitely mary J;-statedor eachJ;,i = 1,... k.

C = {{p1,q1),---(pn,aqn)} A setof compassior(strongfairnesg requirements.Infinitely
mary p;-statesmply infinitely mary ¢;-states.

Thefairnesgequirementareincludedfor the sale of completenessThey areessentiain orderto
dealwith softwareconcurrenanddistributedsystemsandlessusefulwhendealingwith hardware
designs.

Computations

Let D beanFbs for which the abore componenthiave beenidentified. The states’ is definedto
be aD-successoof states if

(5.8') = pp(V, V).
We definea computatiorof D to beaninfinite sequencef states
O 180,851,892, s
satisfyingthefollowing requirements:
e Initiality: sq isinitial, i.e., sy = ©.
e Consecution: Foreachj = 0,1, ..., thestates; is aD-successoof thestates;.
e Justice: ForeachJ € 7, o containgnfinitely many./-positions

e Compassion: For each(p,q) € C, if o containsinfinitely manyp-positions,it mustalso
containinfinitely manyg-positions.

A.3.2 Property SpecificationLanguage

For a propertyspecificationlanguagefor the reactivesystemsnodelwe take psL. Consultother
document®f this projectfor thedefinitionof the syntaxandsemantic®f thislanguageandexam-
plesof its use.



A.3.3 SystemDescription

Marny languagesxist for the presentatiorof reactve systems.For eachof theselanguagesye
have an establishedranslationfrom a designpresentedn this languageinto an FDS. Exam-
plestaken from the hardware world could be the smv input language fragmentsof VHDL and
VERILOG, or anetlist. For software,we canusefragmentof C or thesimpleprogramminglanguage
(sPL) usedin [KMPOQ].

A.3.4 Monitors for pSL Properties

Thegenerabpproacho verificationof PSL propertiestartsby convertinganarbitraryPsL property
into an automaton. The model-checkingalgorithm usesthis automatonin orderto verify thata
given systemsatisfiesthe property The sameautomatoncanbe usedfor monitoring properties
while the computationevolve. Therearesomeconsiderationshat have to be taken into account
whenusingthe propertyautomatdor online monitoringof behaiors.

e Therearesomepropertiesvhosefatecanbe determinedafter readinga finite segmentof a
computation For example thefailure of asafetypropertyor succes®f a co-safetyproperty
canbedeterminecbver afinite prefix.

e For all otherpropertiestheir succes®r failure canbe determinecbnly over afull (infinite)
behaior. For those we canstill monitoreventuallyperiodicbehaiors, providedwe receve
aseparat@resentatiomf thefinite prefixanda period.

A.3.5 Verification of Properties

For verifying PsL propertiesof reactve systems,we use various methodsof model checking,
including BDD-basedand sAT-basedverification engines. This subjectis extensvely treatedin
otherpartsof the project.

A.4 Extensionsfor Metric Time: Clocked Transition System

Thenext modelin the hierarcly dealswith metricrealtime. In additionto specifyingthetemporal
orderingbetweerevents,we alsospecifythetemporaldistancebetweereventseitherprecisely or
by providing upperandlower bounds.

A.4.1 A Computational Model: Clocked Transition Systems

Let 7 be a totally orderedmonoid, to which we refer asthe timedomain The mostfrequently
usedtimeddomainsare R, the non-ngative reals,andN, the naturals.

Real-timesystemsaremodeledasclodkedtransitionsystemgcTs). A clockedtransitionsys-
tem® = (V. O, p, II) consistsf:

e V : A finite setof statevariables ThesetV = D U C is partitionedinto D = {uy,...,u,}

the setof discretevariablesandC' = {t4,...,t;} thesetof cloks Clocksalwayshave the



type7 . Thediscretevariablescanbeof ary type. Optionally C' mayincludeaspecialclock
T € C, calledthemastercloc.

e O: Theinitial condition A satisfiableassertiortharacterizingheinitial stateslt is required

that

O — tlz...:tk:O,
i.e., the clocks are resetto zero at all initial states. In caseT € (), it is requiredthat
©—->T=0

e p: A transitionrelation An assertionp(V,V’), referringto both unprimed(currenf and
primed(next) versionsof the statevariables.

In casel” € C, it isrequiredthatp — T’ = T, i.e., the masterclock is modified by no
transition.

e I : Thetime-piogresscondition An assertiorover V. The assertions usedto specifya
globalrestrictionover the progresf time.

The Extended Transition Relation

Letd : <V, 0, p, H> beacTs. We definethe extendedransitionrelation p,. associateavith ¢ as
Pr =P NV Ptick:

wherepy;. 1S givenby:
prick:  JAQA) A D' =D AN C'=C+ A,

and(Q(A) is givenby
QA): A>0 AVEe[0,A).TI(D,C +1t)

Let D = {uy,...,u,} bethesetof discretevariablesof ® andC' = {cy,..., ¢} bethesetof its
clocks.Then,theexpressionC’ = C' + A is anabbreiation for

=c1+A AN Acp=cp+ A,
andII(D, C + t) is anabbreiation for
M(wy, .oy Upycr + ..o 0 + 1)

Runs and Computations

Letd : <V, 0, p, H> beacTs. A run of @ is afinite or infinite sequence®f statess : s, s1, ...
satisfying:

e Initiation: So = ©
e Consecution Foreachj € [0,|o]|) s;+1 iSap,-successoof s;.

A stateis called(®-)accessiblef it appearsn arun of ®.
A computatiorof @ is aninfinite run satisfying:

e TimeDivergence: The sequencey[T],s:[T],... grows beyond ary bound. Thatis, as:
increasesthevalueof T at s; increase®eyondary bound.



A Frequently Occurring Case

In mary casesthetime-progressonditionIl hasthefollowing speciaform

I1: /\(pL — t' < B,
el
where/ is somefinite index setand,for eachi € I, theassertiorp; andthe 7 -valuedexpression
E; do not dependon the clocks,andt’ € C is someclock. This is, for example,the form of
the time-progressonditionfor any CTS representinga real-time program. For suchcasesthe
time-incrementimiting formula2(A) canbe simplifiedandassumeshefollowing form:

QA A>0A Api—ti+A<E)
i€l

Note,in particular thatthis simplerform doesnot usequantificationsver t.

Non-Zeno Systems

A cTsis definedto benon-zenaof everyfinite run canbeextendednto acomputatior(see[AL91],
[Hen92]). An equialentformulationis that® is non-zendf it satisfieghe following

A finite sequence is arun of ® iff o is a prefix of somecomputatiorof ®.

A consequencef ® beingnon-zends thata states is ¢-accessibléff it appearsn somecompu-
tationof ®.

Examplel ConsiderthecTts's ®; and®, presentedn Fig A.2. In Fig A.3, we presenthese
two CTS'sin textual form.

It is not difficult to establishthatboth ®; and ®, arenon-zenocTs's. This is becausefrom
ary accessibletate we canalwaysmove to state/; from which we cancontinueto take infinitely
mary time stepswith incrementl.

Thetick transitionrelationsfor thesetwo cTS's aregivenby

pra: AA>0. (7 y) = (my) A, T)=t+AT+A) AN (r=0—t+A<2)
pfick: E|A>O.(7r’,y’):(7r,y)/\(t’,T’):(t+A,T+A)/\(7r:0—>t+A§2y%).

Following is acomputatiorof CTS ®;:

o~
S

ick(1)

(m:0,9:0,¢t:0,7:0) —" (7:0,9:0,¢t:1,7:1) —
(r:0,y:1,t:1,T:1) 2 (7:0,y:2,¢t:1,T:1) tick(1)
(r:0,y:2,t:2,7:2) 2 (7:0,y:3,t:2,T7:2) =
(r:0,y:4,t:2,7:2) 2 (rm:1,y:4,t:2,T:2) tick(1)
(1, y:4, 8 3) " (mil,yid 04, Tia) Y

3,T:

Notethatto beacomputationfime mustgrow beyondary bounds.Since atlocation/, of ®; time
cannotgrow beyond 2, ary computationof ®; musteventuallymove to location/;, wheretime
cangrow beyondary bounds.

Fromnow on, we restrictour attentionto non-Zenosystems.



y: integer wherey = 0 y: integer wherey = 0
t,1: realwheret =T =0 t,1: realwheret =T =0
y:=y+1 (y,t) == (y+1,0)
lo: t <2 lo: t < ﬁ
l: £
CTS P CTS &9

FigureA.2: Two CTS's.

A.4.2 Property SpecificationLanguage

This is wherethe main contrikution of this deliverablestarts. Chapters introduceshe logic STL
whichis a property-specificatiofogic extendedto dealwith metricrealtime.

This subsectioromplement£hapter5 by consideringseveral differentoptionsfor the exten-
sion of PsL in orderto specify (metric) real time properties,ncluding the final versionchosen.
Someof the considerationgeadingto our final selectionarethefollowing:

e Thereis anobvioustradeof betweengreaterexpressve power andour ability to verify the
propertiesexpressiblan thelanguage.

e Oneof the uniquefeaturesof PSL is theway it combinesLTL with regular expressions.It
would be estheticallypleasingjf we could have appropriateeal-timeextensiondo theLTL
componentaswell ascorrespondingxtensionsto the regular expressionpart. While the
currentversionof STL doesnhot containssuchan extensionyet, Subsectiory.1.3provides
moredetailsof suchanextension.

¢ To evaluateand comparethe variousextensions,we needseveral characteristiqroperties
which occurfrequentlyin applicationf real-timereactve systemslin thesubsectiomelov
| presenttwo standard‘utterances”which are, respectiely, the specificationof an upper
boundanda lower boundon thetemporaldistancebetweenwo events.

e Onepossiblerestrictionon the extensionscould be restrictingthe referenceto metric time
only within pasttemporaloperators.The possibleadvantage®f sucharestrictionis thatall
past-basegropertiescanbefully monitored.



(Vi {m:{0,1};y: integer} U{t,T': real}
D bt
O 7=y=t=T=0
by : P po V p1. where
po: m=1"=0ANYy =y+1A@T)=(T)
pr: m=0AT=1A (y,t,7) = (v, t,T")

I m=0—-1t<2
(Vi {r:{0,1};y: integer} U {¢, T: real}
D <
©: 7=y=t=T=0
b, : P po V p1, where
po: m=1'=t'=0ANy =y+1ANT=T
pr: m=0AT=1A (y,t,7) = (v, ¢, T
| IL: 7r:0—>t<2y%

FigureA.3: Thetwo cTs'sin textual form.

Typical Metric-T ime Metaphors
We list heretwo metrictime metaphorsvhich areof frequentuse.

1. Upperboundontemporaldistance.This propertyclaimsthatary p is followedby a ¢ within
U time units.

2. Lowerboundontemporaldistance.This propertyclaimsthata g canonly occurstrictly later
than L time unitsaftera preceding.

Minimal Extension: Explicit Referenceto Clocks

Oneof thepossiblesxtensiongs basedn explicit referenceo clocksandtheuseof rigid constants
which presere their valuesacrossstates.This leadsto thefollowing style of expressions:

Future-BasedpperBound: G(pAT =a — F@AT <a+70))
Future-BasedlowerBound: G(pAT =a — G(¢— T >a+1L))
Past-BasedUpperBound:  G(P(pAT =a)ANT >a+U — PgAT >a))
Past-Based.owerBound: G(P(pAT =a)ANT <a+L — (—q)S(—qAp))

In theseformulas,T’ is the masterclock, anda is arigid constanwhich recordsa currentvalueof
T. ThetemporaloperatorP is a pastoperatoy suchthat Pg stateghatg hasoccurredatleastonce
in the past.Similarly, S is the pastsinceoperatoywherep Sq stateghattherewasanoccurrence
of ¢ in the pastand,sincethatoccurrenceuntil now, p held continuously

The Logic TPTL

A closelyrelatedmodeof expressions providedby the“really temporallogic” TPTL presentedhn
[AH89]. Thislogic introducesauxiliary clockswhich areresetat anarbitrarynestinglevel within



theformula. Usingthislogic, the above two future-basegbropertiescanbe specifiedasfollows:

Future-BasedpperBound: G(z.p — F(q¢g A =z <U))
Future-BasedowerBound: G(z.p — G(¢— x> L))

In theseformulas,x is a virtual clock which is resetat the presentandkeepsincreasingin sync
with all otherclocks.

Metric Temporal Logic

In this logic, we subscriptthe temporaloperatorsby a specificationof an interval at which the
propertiesshouldhold. Note that STL is a restrictedfragmentof this logic. The four properties
consideredibove canbe specifiedasfollows:

Future-BasedpperBound: G(p — Fpuq)
Future-BasedlowerBound: G(p — G,17q)
Past-BasedJpperBound:  G—((—q) Sjo,u)(p A —q))
Past-Based.ower Bound: G(g — Hprp)

whereH, 1;—p is atemporalexpressionstatingthat p hasbeencontinuouslyfalsefor the last
time units.

A.4.3 Modeling Languages

The standardmodelinglanguagefor real-timesystemss that of timedautomata[AD94]. This
modelresembleshe modelof finite-statereactve systemsgexceptthatit is equippedwith finitely
mary clockswhich canbetestedin arestrictedway andreseton someof the discretetransitions.
This augmentatiorof anuntimedmodelwith clocksandtheir restrictedoperationsanbe applied
to ary finite-statestate-transitionmodel,e.g. Statechartssmv model,etc.

Another sourcefor real-time modelsis ary corventional programin a languagesuchasC
or sPL, wherewe associatevith eachstatement lower bound L. and an upperboundU for its
execution. We referthereaderto [KMPOQ] for the cTs semanticof thetimed versionof an spL
programs.

A.4.4 Monitoring Real-Time Properties

Notethatin Deliverablel.3.1we arenot obligedto provide completesolutionsto monitoringand
verificationof real-timesystemslt is sufficient to displaysoundevidencethattheseactiities can
be supported.

In principle, monitoringtimed propertiescanbe performedin a way similar to monitoring of
untimedproperties We canquoteheresomeof the conclusiongeachedn [MNO4].

Oneimportantconsiderations thatif we restrictthe timed extensiongo pasttemporalopera-
torsandregularexpressionsthenthetime-dependerntartscanbemodeledby adeterministidime
automataandmonitoringcanbe conductedn a moreeffective way.

Additional discussiorof monitoringis presentedn Section8.1.



A.4.5 Verification of Real-time Properties

Therearesereralapproachew real-timeverificationwhichwe shouldconsider Furtherdiscussion
of thistopicis providedin Section8.2.

Timed Automata

The classicalapproachto real-timeverificationis basedon model checkingof timed automata.
As shown in [ACD90], this approackcanbe appliedto discretetime domain(7 beingthe natural
numbersaswell asto denseime domain.Severaltoolsexist for performingsucha verification.

RepresentingClocks as Counters

If we restrictour attentionto discrete(integerlik e) time domain,thenall clockscanberepresented
ascountersandcornventionalsymbolicmodelcheckingcanbeapplied.As shavnin [HMP92] and
[AMP98], if all time constraintsareexpressedy weakinequalitiegpositve booleancombination
of > and <) asis the casein STL, theneventhe caseof densetime domainscanbe handledby
usingcounterdo representlocks.

Even for the casethat someof the constraintanvolve strict inequalities(e.g. > or <), it is
possibleto representlocksby counters,usingthe notion of “adjustmentsteps[PV94]. We can
reportaboutsomeexperimentsn applyingvariousversionsof this method/GP0Q Gri02].

A.4.6 CaseStudies

We list below several casestudieswhich demonstratéhe adequayg of the proposedeal-timeex-
tensionsfor property-basedeal-timespecificatiorof systemsandtheir verification:

1. Modeling and verification of asynchronousircuits, using the timed automataformalisms
for modelingandverification[MP95],[BJMY01].

2. Fischers mutualexclusiontimed protocol,asverifiedin [Gri02].

A.5 Extensionto Continuous Signals: PhaseTransition Sys-
tems

To dealwith continuoussignalswe enterthe realmof hybrid systemsSimilar to our treatmenif
real-timesystemswe presenfirst a computationamodelfor hybrid systemghat canbe viewed
asanextensionof the cTs model.

A.5.1 A Computational Model: PhaseTransition Systems

Hybrid systemsare modeledas phasetransitionsystems(PTs). The PTS model was originally
presentedn [MMP92] and[MP93]. The PTS modelpresentechereis an extensionof the CTs
model.A closelyrelatedmodelfor hybrid systemss presentedn [ACH*95H|.

A phasetransitionsystem(pTs) ® = (V, 0,7, A, II) consistf:



V = {uy,...,u,} : Afinite setof typedsystenvariables ThesetV = D U [ is partitioned
into D the setof discretevariablesand! the setof integrators. Integratorsalwayshave the
typereal. Thediscretevariablescanbe of ary type. The setof integratorsmay optionally
containthe specialintegrator?’ € I representinghe masterclod.

e O : Theinitial condition A satisfiableassertiorcharacterizingheinitial statesln casethe
integratorsincludethe masterclock 7, it is requiredthat

O — T=0.

e p: A transitionrelation definedasin the cTs model.

e A: A finite setof activities Eachactvity a € A is representetdy anevolution function:
pa(D) — I(t) = F*(V°1)
fort > 0, wherep,, is theactivationcondition

Activity « is saidto beactivein states if its activationconditionp,, holdsons. If p, is true,
it maybeomitted.andV'? is thevalueof all statevariablesatthe beginningof the evolution.

e I : Thetime-piogresscondition An assertiorover V. The assertions usedto specifya
globalrestrictionover the progresf time.

In descriptionof concretehybrid systemsthe evolution functions (V. t) areoften presented
by setsof ordinarydifferentialequationsof theform i; = g% (V) for j = 1,...,m. In suchcases,
the evolution functions (1, ) canbe obtainedas solutionsof the differentialequations.lt is
straightforvardto extendthe modelto alsocover non-deterministi@volutions. In suchcaseswe
may representhe evolution functionsassolutionsof differentialinclusions.

Example2 Considerthe hybrid system®; presentedn figure A.4.

z=1
- o r=—1/z:=1

FigureA.4: A hybrid systemd; .

This systemcanbe modeledby thefollowing PTS:

V=I: {z,T}
O: r=1ANT=0
p: r=—1ANa'=1ANT =T
A: {a} with evolution function (omitting the o subscripandsuperscript)
true — z =2"—¢
~ Y~——
P F(z0,)
1T : z>—1

Thebehaior of this systemis (informally) presentedn Fig. A.5.
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FigureA.5: Behavior of PTS ;.

Extended Transition Relation

Letd . <V, O, p, A, H> beaphasdransitionsystem We definethe extendedransitionrelationp,,
associateavith ¢ asfollows:

pu =0V \ po
a€A

where for eacha € A, thetransitionrelationp,, is givenby

D'=D Apy, N1'=F*(V,A)
Po: A >0 A
vVt € [0, A). I[I(D, F*(V,t1))

Thetransitionrelationp,, characterizepossiblevaluesof the systenvariablesatthe beginning
andendof ana-phasewherel = (D, I') denoteghe valuesat the beginning of the phaseand
V' = (D', I') denotegheir valuesat the end of the phase.The formulaassumes positive time
incrementA which will be the length of the phase. It thenstatesthat the valuesof the discrete
variablesare presered (D' = D), the actvation conditionp,, currently holds,the valuesof the
integratorsattheendof the phasearegivenby '*(V, A), andthetime-progresgonditionII holds
for all intermediatdime pointswithin thephasej.e.,forall £, 0 <t < A.

Runs and Computations

Therunsandcomputation®f a phasetransitionsystemd <V, 0.7, A, H> aredefinedasin the
CTS model.



Non-Zeno Systems

As in the caseof the cTs model,we restrictour attentionto non-zenaTs'’s. Thesearesystemgor
which ary prefix of arun canbeextendedo a computation.

SystemDescription by Hybrid Statecharts

Hybrid systemganbecornvenientlydescribedy anextensionof statechartfHar87] calledhybrid statetarts
Themainextensionis

e Statesmay be labeledby (unconditional)differentialequations.Theimplicationis thatthe
actvity associateavith thedifferentialequations active preciselywhenthe stateit labelsis
actie.

We illustratethis form of descriptionby the exampleof Catand Mousetakenfrom [MMP92]. At
time T = 0, amousestartsrunningfrom a certainpositionon thefloor in a straightline towardsa
holein thewall, which is at a distanceX,, from theinitial position. The mouserunsat a constant
velocity v,,. After adelayof A time units,acatis releasedtthe sameinitial positionandchases
themouseat velocity v. alongthe samepath. Will the catcatchthe mouse or will the mousefind
sanctuarywhile the catcrasheaginstthewall?

Thestatecharin Fig. A.6 describeshe possiblescenariosThis statechartandthe underlying
phasetransitionsystem)usesthe integratorsz,,, andz., measuringhe distanceof the mouseand
thecat,respectiely, from thewall. Thewaiting time of the catbeforeit startsrunningis measured
by themasterclock 7. The statechartefersto the constantsXy, v,,,, v., andA.

A behaior of the systemstartswith statedVl.restandC.restactve, variablesr,, andz,. setto
theinitial value X, andthe masterclock T" setto 0. The mouseproceedsmmediatelyto the state
of running,in which its variablex,, changesontinuouslyaccordingto the equations,, = —v,,.
Thecatwaitsfor adelayof A beforeenteringts runningstate usingthemasterclock 7' to measure
this delay Therearetwo possibleterminationscenarios.If the eventz,, = 0 happendirst, the
mousereachesanctuaryandmovesto statesafe whereit waits for the catto reachthewall. As
soonasthis happensgetectabléy the conditionz. = z,, = 0 becomingtrue, the systemmoves
to stateMouse-\Wihs. Theotherpossibilityis thattheevent X, > z. = z,, > 0 occursfirst, which
meanghatthe catovertookthe mousebeforethe mousereachedsanctuaryin this casethey both
stoprunningandthe systemmovesto stateCat-Wns. Thecompoundconditionsz,. = z,,, = 0 and
Xy > z. = x,, > 0 standfor theconjunctionse. = x,,, Az, = 0 andXy > z.Ax. = x,, Ay, > 0,
respectrely.

Thestatechartepresentationf the CatandMouseillustratesthe typical interleaving between
continuousactvities and discretestatechangeswhich, in this example,only involve changeof
control.

The Underlying PhaseTransition System

Following the graphicalrepresentationye identify the phasetransition systemunderlyingthe
pictureof Fig. A.6. Wereferto statesn thediagramthatdo notencloseotherstatesasbasicstates



e SystenVariables:V = D U I, whereD: {r,,,n.} andI: {z., x,,,T}. Variablesr,, and
7. arecontrol variableswhosevaluesarethe basicstatesof the mouseandcat subsystems
which arecurrentlyactie.

¢ Initial Condition: Givenby

e : Tm = Mrest A n.=CrestA z.=x,,=Xg AN T =0.

¢ Transitionrelations:Listedtogethemwith thetransitionassociateavith them.

M.rest-run : 7, = M.restA «, = M.run

Crest-run : m,=CrestA T =A A m, = C.run

M.run-safe : m,, =M.run A z,, =0 A 7, = M.safe
M.win : 7, € Active A z. =z, =0 A 7, =7, = Mouse-\ihs
Cwin : 7, € Active A Xo >z, =12, >0 A 7, =7, = Cat-Wns,

wherethe setActivestanddor the setof basicstates

Activee  {M.rest M.run, M.safe C.rest C.run}.

e Activities: It is possibleto groupall the actvities into a singleactwity, givenby:

0

m

a: Ty =2 (at_M.run) - vt A o, =22 — (at_Corun) - v, (t — A) A T =T+ .

In this representationye usedarithmetizationof control expressiongy which atM.run
equalsl whenever r,,, = M. andequals0 at all otherinstancesA lesscompactrepresenta-
tion lists four actwities correspondingo the four casesf: catandmousebothresting,cat
restsandmouseruns,catrunsandmouses safe,catandmousebothrunning.

e TimeProgressCondition: Givenby

o - m 7 Mrest A (. =Cirest — T < A) A
‘ (T = Mirun — x,, > 0) A (1. = Corun — z, > zy,)

A.5.2 Property SpecificationLanguage

For dealingwith continuoussignals themainextensionis theintroductionof real-valuedvariables.
This leadsto a 1st-ordertemporallogic, anda restricteduseof quantifiersmay be needed.This
extensionhasbeenincorporatedn STL asexplainedin Subsectiorb.2.3.

Provided with somecharacteristie@xamples,we will illustrate how theseextensionsare ade-
guateto dealwith continuoussignals.

A.5.3 Modeling Language

The classicalmodelsfor tractablehybrid systemsare hybrid automata]ACHH93, [ACH"95a].
Thehybrid statecharof FigureA.6 is anexampleof a hybrid automaton.



A.5.4 Monitoring and Verification of Hybrid Properties

Giventhereductionfrom hybrid systemso generalcTs, we canadoptthe methodsof constructing
monitorsanddeductve verificationfrom the cTs realminto that of hybrid systems.We referthe
readerto Section8.2for additionalcommentselatedto verificationof STL properties.
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FigureA.6: Specificatiorof CatandMouse.






