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ABSTRACT

A real-timesystenis onein which the correctnesf the systendependsot only on the logical results,but also on the time at which
resultsare produced.Formal approad to real-timesystem$asbeentadkled extendinga large amountof untimedformalismsstudiedat
length. Oncemajor timedproblemshavebeencompletelyor partially resolvedour aimis slightly different. In order to improve softwae
quality, our intendis to memge two different nature solutions: the formalizationof the softwae process;and a processappmoach which is
bothiterativeandincrementalover thewholelife cycle In this waywe combinethe correctnes®of formal methodsandthe suitability of a

life cyclethatfollowstheuserrequirrmentsand splitscomplexity.

1 Intr oduction

A real-timesystemis onein which the correctnes®f the
systemdependsiot only on thelogical results,but alsoon
the time at which resultsare produced.In this field, there
can not be ary doubtthat real-timeformal methodshave
beendelayedwith respecto cornventionalones goingback
few years.Oncematurity in formalizationof untimedsys-
temshasbeenreachedformal approachto real-timesys-
temshasbeentackledextendinga large amountof formal-
ismsstudiedat length.

Shortly after theoreticalresultsappearedyerification
tools were developedmainly in academicarea(KRONOS
followedby UPRAAL, RT-SPINandTimed-COSRN). All
theseoolsarebasedntimedautomatato alargeextent,al-
thoughthey differ in their propertyspecificatiorlanguages.
Real casestudies(lik e the onestackledby UPRAAL and
KRONOS)have highlightedtimed modelsandmethodsare
alreadyripe for practitioners.

Neverthelessthesetimedtheoreticafoundationscome
up againstindustryreluctanceaboutformal methodsadop-
tion in the softwareprocesstechnology-transfeproblems,
which have beendiscoveredin corventionaluntimedsys-
tems,appeamnceagain. We believe onekey factoris un-
suitableuserorientationof mostacademid=DT’s (Formal
DescriptionT echnique}ools. It is urgentto improvehelper
mechanismdo make tools easierto useto professionals
without strongtheoreticalbackground. Apart from aided
issues,integratedenvironmentsare also essentiako bring
real-timeformal methodscloserto the user It is advisable
to includefacilities rangingfrom staticanalysis,basedon
formal notationsandschedulabilitytheory to dynamicana-
lysis basedon testingor run-timemonitoring[1, 2].

With respecto softwareprocesstequirementsor large
and complex systemsare always problematicinitially and
they evolve continuallythroughouthe life cycle. So, soft-
wareprocessnodelshave to berobustandflexible in order

LAdvisor of thedoctoralwork introduced

to accommodatéheinevitableandoftencontinuousstream
of changesWhatis more,in early phasesiesignethasnot
a deepknowledgeof the system,andin ary case,maybe
formal compleity is excessie for one-steplesign. Tradi-
tional cascaddife cyclesareunlikely suitable. Therefore,
formal methodsshould be adaptedto supportevolution,
outsidetheirtraditionalrole of verifying thatamodelmeets
certainfixed requirements See[3] for real-timescenarios
wheresystemevolution supportis needed.

Oncemajor timed problemshave beencompletelyor
partially resohed, our aimis slightly different. In orderto
improve softwarequality, our intendis to memgetwo differ-
entnaturesolutions:theformalization of the softwarepro-
cess(gainingthe advantagef FDT's); anda processap-
proachwhich is bothiterati ve and incremental (fitting in
with requirementgshange)verthewholelife cycle. In this
waywe combinethecorrectnessf formalmethodsandthe
suitability of alife cycle thatfollows userrequirementand
splits complexity. This doctoralproposalis a timed exten-
sionof previousworkstackledby my researclgroupin the
field of untimedreactive anddistributedsystemg4, 5, 6].
Main contributionsin theseworks arethefollowing: caus-
ationin temporallogic; incompletespecificationssugges-
tions computation;and translationfrom logic into FSM’s
(Finite StateM achine)andfrom FSM’sinto LOTOS[7].

Theoreticaworksrelatedto formal designandanalysis
of real-timesystemgsummarizedn section2) arethere-
quiredelementdo definea formal modelof software pro-
cess. But, given that the life cycle will be iterative and
incremental to reacha sounddesign,relating subsequent
cyclesto eachother andrecordingdesigninformationin
previous cyclesis needed.In every cycle, the systemcap-
ability to satisfyuserrequirementslepend®n previousre-
quirementsenforcedin the system. Oncea formal design
is obtained,it is a goodideato usethis designfor several
kinds of analysig(formal,andeveninformal).



Finally, althoughthe primary aim of my doctoralwork
is not focusedon efficiency issuesrelatedto formal ana-
lysis,wetry to depictthestateof theartin thisfield (mainly
by minimization).

2 Stateof the art

In this sectiorwe summarizeheoreticakesultsin real-time
models,logics and methods.In orderto formalize a soft-
ware processjntegrating the bestpracticesin the stateof
theartis needed.

One primary questionis to selecta realisticmodelfor
thetime. Althoughtherehasbeenalong andstill unsettled
debateconcerningheselectiorof adiscreteor adensdime
model,thereis abroadconsensuf8, 9, 10] thatdensemod-
els are more expressve and suitablefor compositionand
refinement.Giventhatalgorithmsover dense-timamodels
areincreasinglyefficientevery day, we considerdensdime
modelsaremorecorrectandnaturalsince,morecwer, there
areapplicationareas/ik e hybrid systemswheretime can
notbediscretizedine enough.

Timed formalismsembraceseveral approachesvhich
differ on their methods aims,andabstraction-leels: tem-
poral logics, first orderlogics, statemachinesprocessal-
gebras,synchronoudanguagesetc (see[11] for a sur
vey). For adualformalization(property+ model)asours,a
model,arequirementsanguageandsereralanalysismeth-
odsareneeded.

In orderto include the timed componenibf a system,
a modelis neededwhich, in additionto reactve behavior,
expressesthe usual behaiors in real-time systems,like
propagatiordelays,timers, deadlinesyesponsdimes, etc.
Thesereal-timeconstraintshave beenincorporatedn un-
timedstatemodelsby meanwof two majormechanismsas-
sociatinglowerandupperboundswith transitions pr defin-
ing afinite numberof clockswhich proceedatthesamerate
andmeasurehe elapsedime sincethey werereset(timed
automata[12]). Thelatermechanisnhasbeenrevealedas
moreflexible in real-timemodeling.

Meanwhiletimed automataandits differentversions)
can be consideredhe standardormal statemodel, in the
propertyapproachthe situationseemsnot to be so clear:
a variety of logics have beenappliedto the requirements
specification13]. Giventhatonly branchingreal-timelo-
gics canbe automaticallyverified (without relaxing punc-
tuality [14]), we definea branchingreal-timelogic which,
moreover, is causal(closerto the user)and mary-valued
(supportinganincrementabesign).

As far asanalysisis concernedformal techniquesas-
suming densetime have their early origin in [15]. In
this work, Alur et al reachto a modelcheckingalgorithm
for timed automatawith real-valuedclocks and the logic
TCTL. Themainideabehindthis algorithmis the construc-
tion of an abstracffinite state-spacecalled region graph,

from the densestatespaceof a timed automata.Sinceob-
tainingaaccuratdinite modelof thesystemwasrevealedas
possible mary works have extendedthis solutionto other
kindsof analysigstrategy computationschedulabilityana-
lysis, synthesis).

Unfortunately the numberof statesin such abstract
spaces exponentialwith elementsn themodelandthespe-
cification. Hence algorithmsbasedn explicit construction
of the region graphare unlikely to perform efficiently in
practice.

In orderto overcomethe state-&plosion problem,dif-
ferent techniqueshave beenapplied: discreterepresent-
atives, symbolic computation,and minimization by time-
abstractions.To sumup, discretizationis not always cor-
rect; andsymbolicanalysisby meansof characteristidor-
mulaeis not closeto theuser For analysisnethodsasauto-
matic as possible,minimization seemsto us a promising
solution. In [16], it is shoved a catalogof the main time
abstractiongsimulationsand bisimulations)and the kind
of propertieghey presere.

3 Formal basis

In this sectionit is outlinedthe formal basiswe incorpor

atein the modelof software process.We take a dual ap-
proachto designwhich hasbeenmassiely adoptedboth

in untimedandtimed formal methodologiegfor instance,
KRONOS). Dual specificationjoins advantagesof two

broadlyusedstyles:model-andproperty-oriented.

Property oriented: We define a real-time temporal
logic for the requirementsspecification(SCTL-T, section
3.2). An iterative andincrementabpproactentailsuserin-
formationwhichis bothincompleteandinconsistentsince
theusergainsknowledgeaboutthesystenthroughthesoft-
ware process.For this aim, mary-valuedlogics arean at-
tractive solution.

Model oriented: We usea state-transitiorformalism
for the designmodel of the system,sinceits operational
styleturnsoutto be moresuitablethanprocessalgebrasn
the early phaseof thelife cycle whenthe structuresense
is slightor it doesnotexist atall. We defineatimed model
(MUS-T, section3.1), basedon timed automatawhich re-
cords designinformation generatedall over the process.
However, giventhatrefinementsreusuallycarriedoutover
constructve specificationswe proposea semi-automatic
translationfrom MUS-T into E-LOTOS[17].

Sincepart of the formal procesameansdecidingwhat
functionalitiesto beimplementedn softwae andwhichin
hardware, a state-transitiomodelallows usto easilytrans-
late into hardware and, by meansof E-LOTOS into soft-
ware.



3.1 MUS-T

For modelingreal-timesystemswe defineMUS-T graphs
(Timed Model of UnspecifiedStates),which are basedon
timed automatatheory Whereasatomic propositionsin a
control stateof a timed automataare assertiondeingtrue
or false,in anincrementabpproachthingswill betrueor
falseat the end (in final development),but in a transient
proces<ycle thingscanbetrue,canbefalse,or canbenon
specified.

Forthis,we proposeamodelwith densebranching-time
semanticssimilar to the timed graphin [15] , but event-
driven.In orderto supporincompletenesandconsisteng-
checking timedevents(event+ time guard)in astateof the
modelcanbe characterizeds possible forbiddenor non-
specifiedunspecified) Transitionsan the modelarelinked
only to possibleandunspecifiedventsin a control state.

Thatis, for eachcontrol stateandfor eacheventiden-
tified in the system,time domain can be split in three
specification-stageones: possiblezone, forbidden zone
andunspecifiedzone.All legal runsof the systemconform
to thefollowing rules:

O If currenttime valuation belongsto the forbidden
zone theeventcannotbetakenin thistimedstate.

O If currenttimevaluationbelonggo thepossiblezone,
theeventcanbetakenin thistimedstate.

O If currenttime valuationbelongsto the unspecified
zone, this event can be characterizeds possibleor
forbiddenlaterin the softwareprocess.

In contrastto untimedmodels,timed onesdefinetwo
typesof possibleevolutions from a state: discretetrans-
itions and time transitions. Above characterizationof
eventsin a stateof the modelallows usto specifydiscrete
progressn the systemincrementally However, in orderto
covertime evolution aswell, invariants(predicatesharac-
terizing stateswheretime cancontinuouslyprogresshave
to be formalizedin a similar way. For this, eachcontrol
statein the systemis linked to a pair of invariants: evol-
ution invariantandstopinvariant. The evolution invariant
determinethe setof valuationsthat allow the stateto ad-
vancetime, similarly, the stopinvariantdetermineghe set
of valuationsmaking the systemto take a discretetrans-
ition, or, if it doesnot exist, timelock. Time valuations
which areincludedin neitherof the above belongto the
unspecifiednvariant,andthey canevolveto the stopor the
evolution invariant.

3.2 SCTL-T

Themajormotivationbehindintroducinga causalogic into
requirementsspecificationis to fill the gap betweenthe
naturallanguage,n which usersexpressthemseles, and
a formal specificationof requirements.Causatiorrespect
threefundamentabprinciplesof requirementengineering:
requirementspecificatioris clearto thecustomersglearto

thedevelopersand,by meansof formal causationit canbe
formally analyzed.

With this principle we definea causaltemporallogic
calledSCTL-T (Timed Smple CausalT emporall ogic). It
is a branchingreal-timelogic with densetime semantics,
that fits within the explicit clock real-timelogics. To ex-
presshetimedconstraintsve usespecificatiorclocksfixed
by freezequantification, and time predicatesover these
clocks.

Requirementin SCTL-T follow this pattern:
Premise = ® Consequence

This genericcausalrequirementestablishes causing
condition(premise);atemporaloperatomwhich determines
theapplicabilityof thecausg= ®); andaconditionwhich
is theeffect (consequence).

Apart from causation, SCTL-T is mary-valued. The
startingpoint of mary-valuedlogicsis thatnot “everything
is true or false” (principle of bivalence).In generalmary-
valuedlogics aresuitableto dealwith bothincompleteand
inconsistentnformationobtainedby the requirementgap-
ture, unfortunatelyresearchn this areais deficientin the-
oretical resultsand, especially in practicaltools. Logic
SCTL-T valuesoutsidebivalenceprinciple are originated
from unspecificatiorin the model,anddifferencedetween
implicationandcausality Takingthisinto accountwe have
definedthe six-valuesatishctionrelationof a SCTL-T for-
mulaover atimedstateof aMUS-T graph.

Finally, althougha causallogic capturesthe human
senseof expressingrequirementsthe formal specification
of a requirementin this logic may be difficult for users
without mathematicafoundations. We offer a graphical
counterpartto the SCTL-T syntaxwhich allows usersto
constructSCTL-T graphsfrom conditionsover a stateof
the system,causaltemporaloperatorselatingthem (char
acterizingaconditionasapremiseor asaconsequenceynd
timing constraintsdemandedetweenwhatever two state
conditions.

4 Thewhole Software Process:intr o-
ducing formality

Nowadaysterative andincrementablevelopments acom-
monpracticein softwareengineeringln spiteof its proven
reductionin time to market, integrationwith formal meth-
odsareais still immature. Researchasnot furnishedthe
formal basisand methodologiesenablingthis paradigm.
Toward this field the main interestof my researchgroup
is directed,and my particularinterestrelatedto real time
systemsaswell.

In this sectionwe outline the whole proposedmodel
for the software process. This model definesa software
processwhich is bothiterative andincrementalmoreover,



it relies on formal basis(SCTL-T and MUS-T). Unfortu-
nately formal basisis not enough. A systemis correct
whenit runsasit is desired,but formal methodscan not
demonstrateorrectnessn this sensesincethey arebased
onformalmodelswhich couldbeunsuitableor incomplete;
and,moreover, mistalesin the differencebetweeruserex-
pectationsand establishedrequirementscan appear Al-
thoughformal methodsallow constructingorecisespecific-
ationsof thetargetsystemandrequirementsi is necessary
to usesupplementarjnformal techniguedik e prototyping,
simulationandtesting.

On the one hand, an incrementaland iterative life
cycle, maybeprototype-orientedexplorative),enforcesad-
ditional mechanismsformal synchronizatiorof software
artifacts (models and requirements)etweensubsequent
cycles (iterative); supportfor incompletemodels (incre-
mental); checkinginconsistenciegrequirements)etc. On
the otherhand,ensuringtechnologytransferenforcesuser
orientedhelpermechanismglik e formal simulation, sug-
gestiongenerationmechanisméor easyrequirementspe-
cification, etc.);andnon-staticanalysislik e prototypetest-
ing.
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Figure 1. Model of softwareprocess

Themodelof softwareprocessve proposds shavedin
figure 1. In every iteration,the useridentifiesandspecifies
a setof requirementsvhich leadto a growth in the system
functionality. Theserequirementsreverifiedin thecurrent
model,thatonein thecurrentcycle,in orderto check:if the
systemalreadysatisfiegherequirementsif it is notableto
provide, in a future designstate,theserequirementgrom
the currentdesign(inconsisteng); or, if the systemdoes
not satisfythe requirementsbut it is ableto do it (incom-
pleteness)Thephasewithin acycle are:

1 Modeling: requirementscapture by means of

SCTL-T graphicconstructiorwhichis automatically
translatednto SCTL-T syntax;andchangein MUS-

T model, possiblyincorporatingsuggestionsn the
previouscycle.

Model Analysis. new SCTL-T requirementsspe-
cifiedin themodelingphaseareverifiedover MUS-T

componentsof the system. Analysis phasein-

cludesformal verification, as usualin FDT’s, and
even schedulabilityanalysisdueto real-timenature.
Formal verificationis carriedout via model check-
ing of SCTL-T requirementsvercomposedUS-T

model by computingan abstractgraph. The result
of this verificationprocesss thelevel of satishction
of a SCTL-T requirementin a MUS-T graph. This

satishctionlevel shows, in aqualitative way, the sys-
temcapabilityto fulfill requirementén futurecycles,
which dependson the amountof unspecificationin

the systemandin the requirement.If a SCTL-T re-

quirements not satisfied:

— consistenyg failure: It cannot be satisfiednow
or in thefuture. A countergample(execution
trace)andthe list of previous requirementsn
conflictaresupplied.

— completeness$ailure: The requirementcanbe
fulfilled in the future. Suggestionsare com-
puted over the abstractgraph, moving some
valuationdrom theunspecifiedzoneto thepos-
sible or forbiddenones,in orderto fulfill new
requirements.This canbe viewed asanincre-
mentalsynthesis.

With respecto schedulabilityanalysisit is possible
to reduceit to a specificmodel checkingalgorithm
which computesa samplescenariowhereall tasks
aresened. Onceagain.thetaskscanbeschedulable,
nonschedulablegr incompleteto decideschedulab-
ility .

Results Evaluation: This phaseallows the userto
evaluateresultsin theanalysisphase.

— OnsuccessaA testsuiteis generatedrom the
formal design.

— On fail (inconsisteng): Usercansimulatethe
countergamplein orderto decidewhich of the
conflictingrequirementgareerrorprone.

— On fail (incompleteness):User can simulate
the currentmodelwith suppliedsuggestiongn
orderto decidewhich suggestiorconformsto
wishes.

Development MUS-T/ELOTOStranslation(maybe
architecturedecisions)and prototype construction.
Over the prototype,the usercanvalidatethe imple-

mentedsystenby testing.We useE-LOTOSin order
to take advantageof our experiencein this process
algebra.



5 Currentstateand reseach goals

In the currentstateof my doctoralwork, we have defined
the formal basisfor the methodology:MUS-T andSCT-L.
With referenceo the automatiomechanismslefinedin the
softwareprocessthe concretegoalswhichwe have already
reachedre:

O Formalverification: A modelcheckingalgorithmfor
MUS-T and SCTL-T by computationof the region
graph.

O Overcoming state-gplosion: A minimization al-
gorithmwhich builds the minimal stablepartition of
aMUS-T graphusingatime abstractindisimulation
which preseresSCTL-T formulae.

O Formal simulation algorithm: The simulation al-
gorithm makes a reachabilityanalysison the com-
posedsystem.The purposeof this analysisasvalid-
ation mechanisnis two fold: guaranteeinganity of
the systemby detectionof timelocks,deadlocksand
unreachablestateswhich are real or potential (due
to unspecification)andallowing developerso valid-
ate systemrequirementsandto explore alternatves
in orderto reachnew requirementgby formal sim-
ulation of the system+ suggestions)For the imple-
mentationof the simulationalgorithmwe useatime-
abstractingsimulationwhich preseresreachability

In orderto concludethiswork, ourimmediategoalsare:
graphicnotationfor SCTL-T, suggestionsomputationfest
generationanddefinition of MUS-T into E-LOTOStrans-
lation. In thefollowing paragraphsve outlinetheprelimin-
ary ideasrelatedto thesegoals.

Graphic notation: As it is known, temporallogic for-
mulaearecomplex to expressandinterpret. This comple-
ity grows in explicit clocktemporalogicsdueto theincor-
porationof namedclocksin the formulas,makingthe spe-
cificationhardlyintuitive. With theaim of avoidingunread-
ability we intendto definea graphicnotationwhich rep-
resentsSCTL-T requirementasdirectedgraphsin a way
similar to the onedefinedin [18], but incorporatingcausal
connectves.

Incr emental Synthesis(Suggestions) We conjecture
that the more generalproblemof synthesizinga MUS-T
model from a SCTL-T requirementis undecidablesince
the satisfiability problemis undecidablefor real-time lo-
gicsaslong asthelogic canexpresspunctualityproperties.
As regard incrementalsynthesis,we are consideringtwo
approachesigametheory and boundedsynthesis. Given
a SCTL-T requirement,in orderto provide (if complete-
nesdailure) suggestionso the userwe areusingthe works
on real time games(see[19] for its origins). In the game
approach,we searchfor timed stratgies which presere
the possibleand forbiddenelementsin a MUS-T model,
andrestrictsthe choicesof the unspecifiecbnessothatthe

modelsatisfiesa given SCTL-T requirement.For this pur-
pose,we intendto designan algorithmas“on the fly” as
possible like the one recentlyshaved in [20]. Although
theformerseemso usthe mostpromisingsolution,we are
investigatingthe feasibility of applyinga boundedmodel
constructionalgorithm similar to the onein [21]. In the
boundedsynthesisapproachwe intendto provide an al-
gorithmwhich, givena SCTL-T requirementnda source
MUS-T model,synthesizegif possible)a satisfyingtarget
model within given boundson the numberof clocks and
constantaised.

Testgenerationt At the momentwe prefernot to re-
leaseary commentsof this part of the work sincewe are
still consideringsuitability of differentapproachesn the
stateof theart.

MUS-T into E-LOTOStranslation: In this partof the
work we intendto extendthe MUS into LOTOStranslation
in [6] to therealtime versiondefinedin my doctoralwork.

6 Evaluation and preliminary con-
clusions

The main goal of this doctoral proposalis to definethe
formal basisandtechniquesieededo supportiterative and
incrementaldevelopmentfor real time systems. This de-
velopmentparadigmhasbeenmassiely incorporatedwith
low-level formality in real time tools by vendorslike Ra-
tional (RT Rational Rose[22]) , Verilog (ObjectGeode
[23]), andIAR (IAR VisualState[24]). All of theminclude
formality in designby meansof FSM'’s, however, formal
analysisis more exceptionaland formalizationin require-
mentsis absentat all. It is needednoreresearcteffort in
orderto reachthe sametechnologytransfersuccessn the
lasttwo issues.

Theevaluationof thecontribution of my PhDthesishas
to becarriedoutin two phases:

O Soundness: Evaluation of the correctnessof the
methodology

O Measuremenbdf the contribution: It is mandatory
to evaluatethe methodologywith the commoncase
studiestackledby academidoolsin this area.How-
ever, this staticevaluation(without procesgerspect-
ive) doesnot provide the real measurementf the
value of my work sincethe main contribution is the
formalizationof the whole process.It would be ad-
visable to addressevaluation by meansof success
storiesreportedby vendors. In this kind of eval-
uation, it is importantto take into accountthat we
areimplementingthe methodologyasa benchmark,
andthereforewe cancomeup againsscaleproblems
whenit comegto dealwith thesesuccesstories.



To conclude,we believe that higherlevel formaliza-
tion of softwareengineeringn practiceshouldinvolve ap-
proachingformal methodgo currenttrendsin softwarein-
dustry At this point, we believe incrementabpproactis a
major milestone. However, therecould be somecriticism
about my doctoral proposalconcernedto object orienta-
tion (O0). As well asformalizing an iterative andincre-
mentalprocessntendsto avoid industry reluctanceabout
formal methods future directionsin orderto achiese this
goalshouldinvestmoreeffort in OO paradigm.In thisfield
we merelycite theworksthatincludeOO in realtime logic
specificationgarriedoutin TRIO+ definition[25].
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