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Abstract

Complity in the designof software and hardware systemshasincreasedxponentiallyin the lastyears.
Problemdik e verificationandsynthesigequiremore powerful techniquesnda greaterdegreeof automa-
tion in orderto dealwith biggerandbiggerdesigns.

This documentdescribesalgorithmsfor the verification and synthesisof concurrentsystemsthat are
basedn abstact interpretation Abstractinterpretatioris a generatheoryfor the analysisof the dynamic
behaior of systemswhichis usedin staticanalysisof programsgcodeoptimizationandverificationamong
otherareasTheconceptbehindabstracinterpretatioris abstiaction analysisproblemsaresolvedapprox-
imatelyin suchaway thatterminationis ensuredandthereforefully automatiorcanbeachieved. Thereis
atrade-of betweerprecisionandefficiengy: studyingaproblematahigh level of abstractioris efficient but
impreciseandvice versa.

Two mainresultsarepresentedFirst, analgorithmfor theverificationof timedsystemavherethedelays
of elementsare not specified but left assymbols The algorithmis capableof discovering the necessary
constraintson the delaysthat guarantedhe correctnes®f the system. Several real examplesfrom the
domainof asynchronousircuits have beenverified with this technique.The secondresultis an analysis
algorithmthat permitsthe full automatiorof the synthesisof concurrentsystemausinga techniquecalled
Quasi-StaticScheduling.
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Chapter 1

Intr oduction

1.1 Motivation

In thelast20 years the commontrendsharedoy softwareandhardwareindustrieshasbeenanexponential
increasdn the compl«ity of designs.On the software side,the availability of higherlevel languagesnd
new paradigmsuchasobjectorientation the maturity of sofwareengineeringechniqguesndtheimprove-
mentin processoperformanceamongotherfactors,have permittedthe developmentof applicationswith
millions of linesof code.Onthehardwareside,Moore’s law predictedn 1965thatthe numberof transitors
integratedin a chip would doubleevery 18 months. Currently the scaleof integrationallows the imple-
mentationof chipswith millions of transistorsFigurel.1 presentsomeexamplesthattry to illustratethis
tendeng. With thisincreasan compleity, finding powerful techniquedo automatdhe designprocessas
becomea majorconcernn theindustryandacademia.

Formal verification

Evenassumingerylow errorratescomplex designswill have morebugs,thatshouldbedetectedeforethe
systemis finally deployed. A singleundetectearrorin a safety-criticalapplicationsuchasa flight-control
systema medicalsystemor a military systemcanhave catastroficconsequencefRecenthistoryis full of
storiesrelatedto the potentiallydevastatingeffectsof softwareandhardwareerrors:

Patriot missiletruncation error (1991): [95] The Patriot missile had an internal clock that storedthe
numberof seconds$n afloating-point24 bits register After long periodsof operationthevaluein the
registerlost precisiondueto thetruncationof thefloating-pointnumber As aresult,a Patriot missile
missedts tamet, hitting abarracksandkilling 28 people.

Pentium FDIV bug (1994): [32] Intel shippedhePentiumprocessowith abugin thefloating-pointdivi-
sionunit. Eventhoughstatisticallythe erroronly occurredoncein 100 milion divisions,thisincident
causedeconomidossedo Intel Corporation(500$milion spentto replacedefective chips)anddam-
agedits reputation.

Ariane 5 rocket explosion(1996): [82] A conversionfrom a 64-bit floating point numberto a 16-bit in-
tegercausedanoverflon in oneof the software componentgontrollingtherocket. Theresultof this
errorwasthe explosionof therocket 37 secondsftertheliftoff.

Error detectionis typically performedthroughtestingandsimulation However, the main problemof
testingis thatit cannotcover all possiblesituations. Typically, therewill be cornercaseghatwill notbe
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Processor Year Transistors

4004 1971 2,250 . _

’ StableVersion Year Linesofcode

8008 1972 2,500
Sambal.9.X 1996 50,000

8080 1974 5,000
Sambal.9.17 1997 60,000

8086 1978 29,000
™ Sambal.9.18 1998 90,000

286 1982 120,000
™ Samba?.0.0 1999 180,000

386 1985 275,000
Samba?.0.7 2000 200,000

486DX 1989 1,180,000
i Samb&2.0.8 2001 360,000

Pentium@© 1993 3,100,000
Pentiumll 1997 7,500,000 Samba2.2.3 2002 475,000
7 Samba2.2.7 2003 600,000

Pentiumlll 1999 24,000, 000
Pentium4 2000 42,000, 000

Table 1.1: Left: Ewvolution in the numberof transitorsin the processorf the Intel family (Source:
http://www.inte I. com/res earc h). Right: Estimate®f thesourcecodesizesof SambaanOpen-
Sourceprojectthat providesfile and print servicesto SMB/CIFS clientsandis includedin mostLinux
distributions(Source:http://statcvs .S our cefo rg e. net ).

coveredby the testpatterns.Quite often, errorscanhappenpreciselyin thosecornercaseghat werenot
consideredduring the design. Clearly therewill be applicationsfor which testingand simulationis not
enough.

\erificationis the formal procedureghat checksthatthe behaior of a systemsatisfiedts specification.
The benefitsof a formal verificationis thatall possibleinputsdescribedn the specificatiorarecoveredin
theanalysis.In thisway, a systenthatis successfullyerifiedcanbeassuredo be 100%correct.However,
in orderto performverificationonehasto dealwith a hugenumberof stateshatappeamwhenexploringthe
possibleconfiguration®f a system.Very often,the numberof stategyrows very quickly with respecto the
sizeof thedesignandthisis known asthestateexplosionproblem Themajority of contrikutionsin thearea
of verificationdealwith theory algorithmsanddatastructurego overcomethe stateexplosionproblem.

Synthesisof concurrent systems

Comple systemdike embeddeaystemsarebetterdescribedat a high level of abstractionAn exampleof
anaturalhigh-level representatiois a setof communicatingporocessethatexecuteconcurrently However,
the executionof sucha representationvill likely occurin a platformwith a single sequentiaprocessor
Ideally, the high-level descriptionshouldnot imposea performancepenaltyto the sequentiakexecution.
However, a naive implementatiorwill suffer this penalty mainly dueto the time spentby the operating
systenmswitchingcontet from oneprocesgo the other

Staticschedulingis oneof the areasof interestin embeddedystemdesign.It comprisesa setof tech-
niquesthattry to generatea sequentiaimplementationthe schedule from a setof concurrenfprocesses,
suchthattherun-timeis minimized. Therefore staticschedulingriesto performasmuchwork asit canat
compile-timereducingtherun-timeoverhead However, thescheduleannotbefully determinedstatically
becaus¢hatproblemwouldbeundecidableThechallengdies onperformingthemostwork staticallywhile
still remainingdecidibleandthusautomatic Powerful analysisgechniquesrerequiredin orderto perform
thistask.

10



1.2 Concurrent systems

Thework presentedh thisthesiswill studytheverificationandsynthesi®f concurentsystemsVerification
of concurrensystemsequiresadditionalefforts becausefor a setof events,all possibleinterleaings have
to be studied. For example,if events(abc) are concurrentthey could happenin mary orderssuchas
(abc — achb — bca — bac — .. .).

Someexamplesof concurrentsystemsare asyn@ironouscircuits embeddedystemsand concurent
programs

Asynchronouscircuits

Asynchronougircuits arecircuits wherethereis no global clock to synchronizédts differentcomponents.
In conventionalsyndironousdesign,a global clock is usedandthe resultof eachcomponenis storedin
a latch at eachclock cycle. However, clocksconsumea lot of power, andit is alsodifficult to propagate
the clock throughall the circuit. Also, mostof the actiity in the circuit occurscloseto the clock edge,
causindhighelectromagnetiemissionsAsynchronousircuitssolve theseproblemsoy replacingheglobal
clock by a local hand-shad betweencomponents.This approachgrantslower power consumptionjess
electromagnetiemissionsandbetterefficiency dueto early completion,i.e. thereis no needto wait for a
clock cycle to propagataresult.

Thefactthatthereis no clock makesthe verificationof asynchronousircuits morecomple, because
thereis more concurreng. eventsthatin a synchronousircuit would happensequentiallycan happen
concurrentlyin an asynchronousircuit. Also, the lack of clock makes the circuit more dependenbn
timing constaintsthatensurghecorrectenessf the synchronizatiorwithin the circuit. Thismeanghatthe
correctnessf thecircuit depend®nthe delaysof its gatesandwires.

Embeddedsystems

Embeddedystemsrespecializedomputatiorunitsthatperforma setof taskswithin alargersystentcalled
environment Someexamplesof embeddedystemsanbeaVCR, a cellularphone anelectronicorganizey
or adigital cameraTheimplementatiorof thesesystemss generallya softwarecomponentunningontop
of ahardwarearchitecturghatmightincludeseseral CPUs,co-processorgndsoon.

Embeddedystemsanbe seemsa setof tasksthatareexecutedconcurently. Theinteractionbetween
this tasksandthe environmentis typically reactive i.e. thetasksmustprocessnputsfrom the environment
undersometiming constraintsuchasthe speedthroughput)r thedelay(lateng). For thesereasonstwo
problemshave specialrelevancein the areaof embeddedystemdesignare: synthesiof efficient sequen-
tial implementationgrom concurrentspecificationsand verification of the correctnes®f the concurrent
specificationj.e. ensurehatthe responsef the systemis the oneexpectedby the ervironmentandthatit
satisfieghetiming requirements.

Concurrent programs

Concurrentsoftware such as multi-threadedor distributed applicationsare also hard to analyzedue to
concurreng. Verificationis alsomore complex becausein general,programshave more data-dependent
control-flav choiceshathardwarespecifications.

In thesedomainstheanalysisof datavalueswithin thesystenmcouldprovide very usefulinformation.In
thecaseof embeddedystemsandconcurrensoftware, theresultof control-flov choicescouldbeanalyzed
statically Onecouldanalyzefor example ,whetherthe conditionof aif statementanbe satisfiedat run-
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time. In the caseof asynchronousircuits, accuratdiming informationcould be computed suchaswhich
constraintonthe gateandwire delaysaresuficientto avoid failures.

1.3 Approachedo verification

Verificationis the formal procedureof checkingthat a systemsatisfiesa specification.The propertieghat
canbedescribedn aspecificatioraretypically of two kinds,safetypropertiesandlivenesgproperties Safety
propertiesdescribeconditionsthatmustalwayshold, e.g.

“The traffic light shouldnot begreenfor carsandpedestriansimultaneously”.

Wheneer a safetypropertyis notsatisfiedanerroroccurs.Therefore safetypropertiesareusedto describe
somethingneggative that shouldnot happenin the system. On the otherside, livenesspropertiesdescribe
conditionsthatshouldeventuallyhold, e.qg.

“At somepointin thefuture,thetraffic light for pedestrianshouldbecomegreen”.

Contraryto safety properties livenesspropertiesdescribesomethingpositive that shouldhappenin the
systemat somepoint. The factthata statewill eventuallybe reachedprogres$ andary eventof a choice
thatis repeatednfinitely oftenis eventuallytaken (fairnes$ fall into this cateyory.

Thereare several approaches$or the automaticverification of theseproperties. Model chedking [31]
is an automatedechniquethat, given a finite-statemodelof a systemanda property checkswhetherthe
propertyholdsfor agiveninitial stateof themodel. Theoemproving [23] reliesondefiningthespecification
andthe systemaslogical formulasin a formallogic andcheckingwhetherthe implementatiorimplies (or
is logically equivalentto) the specification.Abstiact interpretation[41] modelsthe dynamicbehaior of a
systemasasystenof equationsTheequationgaptureanabstiactionof thestateof systemwhich contains
only theinformationrelevantto checkingthe specification.

1.4 Abstract interpretation and the goalsof the thesis

In this thesis,we will studythe problemsof automaticverificationandsynthesidor concurrensystemsn
the presencef datavalues.Concurrensystemsanhave clocks,delays,parametersnternalvariablesor
otherelementsvhosevaluecanberelevantto verificationandsynthesisFor verification,we would like to
discover propertiedike:

“The systemis correctif thevalueof k is > 3”
“The systemis correctif thedelayof thesequencef eventsa + b + ¢ is smallerthanthedelay
of d.
For synthesisye would like to automaticallyrecognizepropertiedik e:
“Processp will sendatmostN messagew procesg;. Thus,messagebetweerp andg canbe
storedin aboundedjueueof size N
“Eventa in procesy will never happensowe don't needto synthesizecodefor it.”
With someexceptions,dataanalysisis not a first-classcitizen of the existing verification and synthesis
techniquesOur goalwill bethestudyof efficientalgorithmsanddatastructuredor the automaticanalysis

of thesedatavaluesfor the purposef verification and synthesis. The main concernsof the proposed
techniquesvill beautomation efficiencyandscalabilityto work with real-life examples.
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Amongthe techniqueghatareavailablein the domainof analysis,synthesisandverification,abstract
interpretatiormppearsisa goodcandidatdor thetasksto be performedn this thesis.Someof the benefits
thatabstracinterpretatiorprovidesfor our areaof interestare:

e Theory Like theoremproving, thereis a strongtheorybehindabstracinterpretatiorwhich ensures
thevalidity of theresultsobtainedwith abstracinterpretatiortechniques.

e Automation Analysisbasedon abstraciintepretatiorare guaranteedo terminateby the underlying
theory Thereforeabstracinterpretatioranalysiscanbefully automated.

e Analysisof dataconstaints Abstractinterpretatioris well-suitedfor the discovery of propertieson
the data-alues. In the areaof staticanalysis thereare several knovn techniquesasedon abstract
interpretatiorthatanalyzenumericalpropertiesof thevariablesof a program(se€hapter2).

¢ Trade-of betweerprecisionand eficiency Abstractinterpretationprovidesa genericframevork of
analysis. Many differentabstractionsanbe usedto representhe stateof a system,eachof which
providesa differenttrade-of betweemrecisionandefficiengy. For a specificproblem,onecanselect
theabstractiorwith the besttrade-of, i.e. themostefficientabstractiorwith the sufficient precision.

e Extensibility New abstractiorthatrepresentthe stateof the systemefficiently canbe“plugged”into
theframavork of abstracinterpretatiorvery easily

Two resultshave beenobtainedn the areasof timing verificationandsynthesisIn timing verification,
a techniquefor analyzingsystemswith unknavn delaysis proposed. This techniquecan computea set
of sufficient constraintghat guaranteghe correctnes®f a timed systemwith respecto timed properties.
Several experimentalresultshave beenstudied,from the domainof asynchronousircuits. In the areaof
synthesisananalysistechniquewvhich canbe usedin the synthesiof sequentiakoftwarefrom concurrent
specifications Oneof the approachefor the synthesiof thesesequentiaprogramss calledQuasi-Static
Sdeduling(QSS).The problemof QSSis thatwheneer it finds a data-dependemhoice, it assumeshat
ary resultof the choicecould be taken at run-time. Therefore the amountof executiontracesthatit has
to explore increasegdramatically In somecasesthe synthesigproceduremight fail to terminatewithin
reasonabléime. The proposedanalysigechniquecanpredictthe outcomeof data-dependemhoicesthus
reducingthe amountof executiontracesto be explored. For example,this canleadto establishingpounds
onthelengthsof messaggueuedetweerprocesseat compile-time

1.5 A practical example

We will presentanexampleof theresultsthatcanbe achiered usingthetechniqueslescribedn this docu-
ment.In particular we will shav oneexampleof timing verificationof systemswith symbolicdelays.

Figure 1.1(a) depictsa D flip-flop [86]. Briefly stated,a D flip-flop is a 1-bit register It storesthe
datavaluein signal D whene&er thereis arising edgein the clock signalC K. Theoutput(@ of the circuit
is the valuewhich wasstoredin the last clock rising edge. We would like to characterizéhe behaior of
this circuit in termsof the internalgatedelays. Theflip-flop hasto be characterizedvith respecto three
parameterg¢seeFigurel.1(b)):

e Setuptime, notedas Ty, is the amountof time that D shouldremainstablebeforea clock rising
edge.

e Holdtime notedasT},, is theamountof timethat D shouldremainstableaftera clock rising edge.

13
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Figure 1.1: (a) Implementatiorof a D flip-flop [86], (b) descriptionof variablesthat characterizeary D
flip-flop and(c) sufficient constraintgor correctnes$or ary delayof thegates.

e Delayor clok-to-outputtime, notedasT ¢k, g, is theamountof time requiredoby thelatchto propa-
gateachangdn theinput D to theoutput(.

Thetiming analysisalgorithmis capableof deriving a setof suficient linear contraintsthatguarantee
the correctnessf the circuit's behaior. This behaior will be correctif the outputQ matchedhe valueof
D in thelastclockrising edge.Formally, this propertycanbe statedas:

Thevalueof @ afteradelayTck ;o from CK’srising edge mustbe equalto thevalueof D at
CK'’srising edee.

Any behaior notfulfilling this propertyis consideredo beafailure. Fig. 1.1(c)reportsthesetof suficient
timing constraintglerivedby thealgorithm.Eachgateg; hasasymbolicdelayin theintenal [d;, D;]. Notice
thatthis resulthascharacterizedthe behaior of the circuit for any possibledelayof thegates.

1.6 Organization of the document
Theremainingof thedocuments organizedasfollows:

Chapter 2 presentghe stateof the art. Known techniquedor abstractinterpretationtiming verification
andstaticschedulingpf embeddedoftwarearepresented.

Chapter 3 describesn detailthe goalsto be achieredin thethesis.Severalspecificproblemsandareasof
researchelatedto verificationandsynthesiof concurrensystemsareidentified.

Chapter 4 presentghe resultsthat have alreadybeenobtained. The main contritutions are (1) a tim-
ing analysisalgorithmfor concurrentsystemswith symbolic delays,which canidentify the linear
constraintghat guaranteehe correctnessf a timed system,and(2) an automaticalgorithmfor the
eliminationof false-pathén staticscheduling Finally, this chaptempresentshelist of publicationsof
theauthorrelatedto thework presentedh this document.

Chapter 5 liststhefuturework remainingto achieve thefinal goalsof thethesis,aswell asa estimationof
theworking planrequiredto completethethesis.

14



Chapter 2

Stateof the art

This chapteraimsto provide the foundationsof abstractnterpretationrandthe areaswherea contrikution

have beenmade,timing verification and synthesisof embeddedoftwae. In Section2.1, the theory of

abstracinterpretationis presentedwith a specialemphasion techniqueghatallow an efficient analysis
of numericvariables.Section2.2 describegechniquedgor modellingandverifying timed systems.Timed

systemsare relevant to abstractinterpretationanalysisbecausdime can be consideredanothernumeric
variableto be studied.Finally, Section2.3 describeghe problemof synthesizingsequentiakoftwarefrom

concurrenspecifications.

2.1 Abstract interpretation

2.1.1 Intr oduction

Abstractinterpretation[41] is a generaltheoryfor the staticanalysisof systemswith a dynamicbehaior.
The mainideabehindabstractnterpretationis approximation The dynamicbehaior of a systemcanbe
too comple to beanalyzedorecisely Besidesin orderto prove a property approximatenformationabout
thedynamicbehaior of the systenmightbesuficient. A classicexampleis the computatiorof the sign of
aproductc = a x b. Thesignof ¢ canbecomputedrom thesignsof ¢ andb. Knowing the exactvaluesof
a andb is notrequired.

Abstractinterpretatiorcanbe appliedto mary kindsof analysisproblemsn differenttypesof systems.
In orderto solve a specificproblem the frameavork of abstracinterpretatiorhasto be adaptedo:

¢ the propertiesbeing studied: We can definea stateof a systemasthe setof valuesthat describe
the configurationof the systemat ary given point. The statemay containinformationwhich is not
necessaryo checka given property Therefore,jn our analysiswe canwork with an abstaction a
simplificationof the statethatignoresthe informationof the configurationthatis not relevantin the
specificproblem.

o thesemantic®fthesystemThebehaior of asystemcanbe definedby identifying a setof locations

wherewe requireinformationaboutthe state. The relationsamongthe stateof the systemin these
locationsestablishea systenof equations

The systemof equationsanbe solved iteratively until a fixpoint is reached.The resultsof this system
of equationgrovide approximaténformationaboutthedynamicbehaior of the system.
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Abstraction Citation Properties

Example
Bounds Signs [41] z€e{—,0,+,%}
Intenals [40] K <z< K,
Octagons [76] +tr+y< K
Corvex polyhedra [50] Ki-z1+...+ K,z < Kp
Congruences Simplecong. [60] z = Ky mod Ko
Relationalcong. [61] K| -z+ Ky-y= Ksmod K,

Trapezohedratong. [74] K-+ Ko -y € [K3, K1) mod K4

Table2.1: Abstractionf numericvalues

2.1.2 Applications

Abstractinterpretatiorhasmary applicationsan mary differentareas.This sectionwill only describethe
applicationswhich are closeto the areaof researchn this thesis. The interestedreadercan find more
informationaboutotherapplicationsn [38,39].

Staticanalysidgs animportantareaof applicationof abstractnterpretationlt canbeappliedto thestatic
analysisof logic programs[46] andfunctionalprograms[45,49]. With thesetechniquespropertiessuchas
groundnessstrictnesscostestimatioror terminationcanbeanalyzedapproximatelyAlso, it canbeapplied
totheanalysioof impemtiveprogramsA problemwhichhashadalot of succesin thisareais analyzingthe
valuesof progranmvariables.Theseechniquesely on abstractionshatrepresenhumericvaluesefficiently.
In generaltheseabstractionganbedividedinto two cateyories:boundbasedabstractiongndcongruence
basedabstractionsFigure2.1providesa brief summaryof thesetechniques.

Boundabstractionsare basedon computingboundson the valuesof variables. For example,intenal
analysiscomputesupperand lower boundsfor variables;octagonanalysiscomputeshe upperboundof
the sumor differenceor pairsandvariables;andlinearrelationanalysisusingconvex polyhedracomputes
thelinearinvariantssatisfiedby a setof variables.This informationhasbeenusedto remove out-of-bound
checkdn arraysanddetectout-of-boundchecksatcompile-timeto detectarithmeticoverflow or underflav;
to detectthe outcomeof loopsor conditionalstatementat compile-time;andalsoto detectarithmeticrun-
time errorssuchas“division by zero”.

Congruenceabstractionprovide informationbasedn congruenceelations.Thereareseveralkinds of
analysisgachproviding a differentlevel of granularity Informationon congruenceelationsis usedmainly
for the analysisof memoryaccesseanddatadependencies-or example,congruenceelationscanbe use
to decidewhethertwo instructionsareaccessinghe samepositionin anarray Then,the compilercanuse
this informationfor schedulingjoop parallelizationor reorderingof loops. This resultshave beenfurther
extendedto the generalproblemof alias analysis with specificabstractionshat dealwith pointerscalled
shapeg33,52,81]

Several extensionshave beenproposedo the previous techniquesn orderto handlerecursvity [42],
interprocedurahnalysiq20], floating-pointoperationg6] andparallelprogramg44]. Combiningall these
techniquesyery preciseinformation aboutthe run-time behaior of a programcan be collected. This
informationcanbe used for example,to solve the problemof compile-timedetectionof run-timeerrors of
impemtive programs[88].

Abstractinterpretationhasalso beenappliedto the verification of systemsotherthan software. The
conceptof approximatiorhasbeenusedin [53] to verify real-timesystems.Linear relationanalysishas
beenusedto verify synchronougprogramswith countersand hybrid automatg63]. Finally in [19], the
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Figure2.1: (a) A Galoisconnection{a, ). (b) is not a Galois connectionbecausey(a(X)) is notan
overapproximatiorof X .

designof a specificabstractiorio analyzea concretereal-timesystemis discussed.

2.1.3 Formal definition

Thetheorythatwill be presentedn this sectionhasbeenestablishedn [37,40-42,47,48,81]. Formally,

abstracinterpretationcanbe definedasthe computationof an upperapproximationof the semanticof a
program.The semantic®f the programcanbe expressedsa systemof fixpoint equationswhichis solved
approximately In orderto achieze soundresults,we restrictourselhesto approximationdulfilling some
desirableproperties Approximationghatfulfill thesepropertiesarecalledGaloisconnections

Galoisconnection

The statesof a programcanbe consideredas elementof a concetedomainC. On the otherhand,the
approximatevaluesthatareobtainedoy our analysisareelement®f anabstiact domainA. Approximation
is definedby a pair of functions,the abstaction function (o : C — A) andthe concetizationfunction

(v : A — C) which definethe pathfrom concreteto abstractvalue andvice versa. Thereare pair of

functionsshouldensuresafety i.e. thatour abstractioris always an overappioximationof the concrete
values.This notioncanbeformalizedasa Galoisconnection.

Definition 1 Galoisconnection$48]

Let(C, <) and(A4, C) bepartially ordereddomainsgcalledtheconcretedlomainandtheabstractiomain
respectively A pair of functionsa : C — A andvy : A — C is a Galoisconnectionif and only if the
following holds:

Vze C,y € A: (a(z) Cy) & ((z <v(y)))
In this case « is calledthe abstractiorfunctionand- is calledthe concretizatiorfunction.

The propertiesstatedin the definition of a Galoisconnectioncanbe statedinformally as“«(z) is the
mostpreciseapproximationof z” and“~y(y) is the mostimpreciseelementof C that canbe soundlyap-
proximatedasy”. Any approximatiorsatisfyingthesepropertieanayloseprecisiorwhenmaoving from one
domainto theother but it will notlosesafetyin thesensehatit will alwaysbeanoverapproximation This
meanghatthefollowing propertieswill besatisfied:

Vo C C:z C y(a(z))
VyC A:yCaly(y))
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Xo = {Precondition Xo = {a=-5va=3}

Xy = Xon(a>0) X,y = {a=3}
Xo = Xija:=a+1] Xo = {a=4}
{ Xo } X3 = XoN(a<0) X3 = {a= -5}
if (Xa >= 0 ) then Xy = Xya:=a—1] X4 = {a=-6}
g:i}a+ 1 Xs = XoUX, Xs = {a=-6va=4}
{ X2}
else
(X5} (b) (©
a:= a- 1
{ X4} Xo = {Precondition Xo = [-5,3
f”xdgf} X; = Xon[0,+co] X; = [0,3]
X, = Xifa:=a+1] X, = [0,4]
@) X; = XoN[-oo,—1] X; = [-5,—1]
Xy = Xyla:=a-1] X+ = [-6,-2]
Xs = XoUXy X5 = [-6,4]

(d) (e)

Figure2.2: (a) An imperatie program,(b) the exactsystemof equationsonsideringhatthe stateis only
the value of variablei and(c) a forward solutionfor a given precondition;(d) the approximatesystemof
equationsusingintervalsand(e) a forward solutionfor the sameprecondition.and(c) a possibleforward.

Fixpoint equations

Programsandsystemsn general,canbe formalizedas a systemof fixpoint equationghat defineits be-
havior. Theway in which the systemof equationds defineddependson the semanticof the system.In
generalwe have to definea state the setof valuesthat characterizethe stateof the program,anda setof
contets wherethis stateis transformed.Thereis, of course,aninitial contet with aninitial statethatis
calledthe precondition Figure2.2(b)shavs a simpleexamplefor a smallimperatie program.The same
processouldbe donefor morecomplex programgq20].

Solvingthis systemof equationgyivesa descriptionof the semantic®of the program.By semanticse
understandhe setof statesthat canbe achiered in eachcontet startingwith a given precondition. This
concepts calledforward semantic$43], andsimilarly a backward semanticeanbe defined.Figure2.2(c)
shaws aforward solutionfor the systemof equationsn 2.2(b).

A forward increasing[41,81] solutionto a systemof fixpoint equationscan be obtainedthroughthe
following procedure:(i) theinitial context is initialized with the precondition;(ii) othercontexts areini-
tialized with the empty set of states;(iii) equationsare applieduntil corvergenceis reachedj.e. for a
stepK, V context i : XX C XZ.K“. Corversely backward anddecreasingolutionscanbe defined[41].
Theideasin this simplealgorithmcanbe extendedin orderto acceleratehe corvergenceof the systemof
equationg21,27,81].

Finding the exact solutionto the systemof equationanbe very comple. But if a Galoisconnection
is defined,the problemcanbe translatednto solving an approximatesystemof equations. The solution
to this approximatesystemof equationds a safe overapproximatiorof the solution, by the definition of
Galois connection. Figure 2.2(d) shavs the approximatesystemof equationgor the abstractdomainof
intenals, and 2.2(e)shavs the forward solutionto this approximatesytemof equations. Notice that the
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Xo = {Precondition Step| 0 1 2 | | 5 | 6
X; = XgUXs Xo [00,)0] [0,0] | [0,0] [0,0] | [0,0]
X 0,0] | [0,1 0,4] | [0,5
Yoo = Xinfreod) X | o | oo | o] 0] | o
{Xo} X3 = Xola:=a+1] X3 0 | [11] | [L2] [1.5] | [1.5]
whiloe (X1}( a<=4) do Xs = X1N[5,+) X | 0 0 0 0 | [55]
{ X2}
a = a+ 1; (b) (c)
{Xs}
?r;?W?IIe Xo = {Preconditiop Step| O 1 2 3
4 _ Xo | [0,0] | [0,0] | [0,0] [0,0]
X1o= XaV(XoUXs) |0 | 00| o400 | [0, 400]
(a) X2 = XiN[-o0,4] Xo | 0 |[00] | [0,+00] | [0,+00]
X3 = Xsla:=a+1] X3 0 [1,1] | [1,400] | [1,+00]
Xi = Xi0[Btod] Xs | 0 | 0 0 | [5+oc]

@ (e)

Figure2.3: (a) An imperative programwith aloop, (b) the systemof equationdor intenals without widen-
ing; (c) the numberof stepsrequiredto reacha solutionwithout widening; (d) the systemof equationgor
intenals with wideningand(e) the solutionto the systemof equationswith widening.

solutionto the approximatesystemof equationga € [—6,4]) is anoverapproximatiorof the real solution
(a=4Va=—-6).

The systemof equationsin Figure 2.2 did not containcyclic referencesn equationsput in general,
systemsof equationsmay containcycles. For example,in orderto definethe systemof equationsof a
loop, we requirecycles. Whencyclesareintroduced convergenceof the solutionis no longerguaranteed.
Evenif the systemof equationsorvemes,it mayrequirea very high numberof stepsto corverge, making
it impracticalfor analysis. Figure 2.3 shavs an exampleof a program,whosesystemof equationsn (b)
containscycles. Solvingthis systemof equationgequiresa numberof stepswhich depend®nthe number
of iterationsof theloop at run-time.Olviously, this is not practicalfor a staticanalysis.

Again,abstractnterpretatiorsolvesthis problemusingapproximation A specialoperatorcalledwiden-
ing (V) is defined.This operatoris usedin the equationthatdefinecyclic relationsandguaranteesonver-
genceby definition. Intuitively, it worksasaninductionstep,assuminghatthe behaior obsered afterthe
loop couldberepeatedndefinitely

Definition 2 Wideningopemtor [48]
A wideningoperatorV is afunctionV : C' x C' — C sud that

1.Ve,ye C:2Uy EaVy

i+1

2. for all increasingchainsz? C z! C ..., theincreasingchain definedas 4 = z°,... ,y't! =

vVt is notstrictly increasing

By property(2) of the definition, the wideningoperatorcanonly be applieda finite numberof times
beforereachingconvergence.Thereforewideningcanguaranteghe corvergenceof a systemof equations.
Figure2.3(d) shavs the systemof equationsusingwidening. The wideningoperatorthatis beingusedis
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Concept Intervals | Octagons| Polyhedra
Relationalproperties M T T
Precisionof results — 0 ™
Supportedperations ™ i T
Complexity ™ T H
Tool support 0 — 0

Table2.2: Brief comparisorof numericabstractions

y y y y
X X X X
X X X X
X X X X X X X X
> X >X >X >
Values Intervals Octagons Convex polyhedra
(z,y) = (2,3),(5,3), z € [2,5] z+y<8 z+y<8
(4,4), (3,5) y € [3, 5] y—x <2 y>3
2<z<5b 20 —y >1
3<zx<5bH

Figure2.4: Comparisorof thedifferentabstraction®f a setof values.

the standardvideningfor intenals:

[av b] % [Cvd] =

e

[e, f] where

ta)
:b)

(c<a? —o0
f = (d>b7 + ¢

Fromthe definition, we canseethatthis operatorcanbe appliedat mosttwice beforereachingcornver-
gence:ary changein the lower or upperboundwill sendthemto infinity, includingary furtherchangen
the samedirection. Usingthis widening,corvergencecanbereachedn fewer stepsasseenin Fig. 2.3(e).
However, it shouldbe notedthat the wideningsacrificesprecisionin orderto ensurecorvergence. Notice
thatthe solutionin 2.3(e)is lessprecisethanthat of 2.3(c). The problemof finding efficient yet precise
wideningoperatorss veryimportantin abstracintepretation An exampleof techniqueshatcanbeusedto
obtainmoreprecisewideningoperatorsanbefoundin [12].

2.1.4 Abstractions of numeric values

Theanalysiof propertieof datavalueswith Abtractintepretatiorrequiresefficient datastructureghatcan
represenandmanipulateconstrainton numericvalues.The problemof finding new representationsf this
kind is aninterestingopenproblem,which is relevantto abstractinterpretationrandotherareadike linear
programmingpr computationajeometry

In this section,we will focuson the abstractiondasedon bounds(seeFigure2.1), because¢hey have
hadagreateisuccesi theareaof verification. Table2.2 presents brief comparisorbetweertheseabstrac-
tions, intervals octagonsandpolyheda. Intenals arevery simpleandefficient, but they cannotrepresent
relationalconstraintsj.e. symbolicconstraintbetweervariabledike z = y. Octagongprovide morepre-
cision, beingableto representonstraintdike z = y + 1 evenif we don't know the variablefor z andy.
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Finally, corvex polyhedrgorovide themostpreciseapproximationput mostoperationsvith polyhedrahave
ahigh compleity.

Figure2.4shavs anexampleof asetof valuesof two variables andy, thathasbeenrepresentedsing
theseabstractionsNotice thateachabstractiomprovidesan overapproximatiorof the setof values,andthe
degreeof precisionof the approximationvariesfrom oneabstractiorto the other Also, noticethatall these
abstractionsepresentorvex setsof values. Wheneer a non-conex setof valueshasto be represented,
thereis alossof precision.

Intervals

Intenals area representatiofior constraintson the upperor lower boundof a singlevariable,e.g. (c; <
z < ¢9). Intenal analysisis very populardueto its simplicity andefficieng/: anintenal abstractiorfor n
variablesrequiresO(n) spaceandall operationgequireO(n) time.

Anotherstrengthof interval analysisis the possibility to find preciseoverapproximation®f comple
operationsuchasdivisions,productsmodulos,. .. For example,

[2,3] % [5,11] C [10,33]
[3,10]/ [7,14] < [0,1]
[1,2]mod[3,4] C [1,2]

However, intenals cannotrepresenhon-trivial symbolicrelations.For example,if z € [0,2] andy € [0, 2],

z andy canbeequal but we dont know if they are.Ontheotherhand,sometimedrivial symbolicrelations
canbeinferredfrom the upperandlower bounds:if = € [5,7] andy € [2, 3] we know thatz > y for ary

valueof z andy.

Octagons

Octagond76] are an efficient representatioffor a systemof inequaliteson the sumor differenceof pairs
of variablese.g. (+z + y < ¢) and(z < ¢). Thenameis choserbecausén a systemwith two variables,
octagonsanrepresenatmosteightconstraintsOneof theadwantage®f octagongs thatthey canrepresent
symbolicconstraintamongvariables.e.g. (z = y + 1), evenif the value of thosevariablesis unknavn.
Efficiengy is anotheradwantageof this representationthe spatial costfor representingsonstraintson n
variabless O(n?), while thetemporalcostis betweerO (n?) andO(n?) dependingnthe operation.

The problemof this representatiors thatit losesprecisionwheneer it hasto analyzethe outcomeof
assignmentike z := K xy orz := y + z. Thisproblemis inherentto thefamily of constraintghatcanbe
representedith this abstraction.

Thereis a publicly availableimplementatiorof the octagorabstractionthe oct library [75].

Cornvex Polyhedra

Corvex polyhedrg[50,63] arean efficient representatiofor setsof linearinequalityconstraintse.g(3z +
2y — z < 7). Thisabstractioris very populardueto the ability to expresspowerful constraints However,
this precisioncomeswith a very high complity overhead.

Corvex polyhedracanberepresentedsthe setof solutionsof a conjunctionof linear inequalitieswith
rationalcoeficients.Let P beapolyhedrorover ", thenit canberepresentedsthesolutionto thesystem
of m inequalitiesP = {X|AX > B} whereA € Q™" andB € Q™. Corvex polyhedracanalsobe
representedh a polar representationgalledthe systenof geneators, asa linear combinationof a setof
verticesV (points)anda setof rays R (vectors). The factthattherearetwo representationss important,

21



\/
\/
\/

(@ (b) (©) (d)

Figure2.5: Severaloperation®ncorvex polyhedra:(a) intersectiorof polyhedra (b) unionof polyhedraas
theconvex hull, (c) wideningof polyhedraand(d) assignmenof alinearexpressioror anundefinedralue.

becausé¢hereareefficientalgorithmg28,50] thattranslateonerepresentatioto theother andseveralof the
operationdor corvex polyhedraarecomputedrery efficiently whenthe properrepresentatioof polyhedra
is available.

Thesetof operation®n corvex polyhedrathatarerequiredfor abstracinterpretatiorarethefollowing:

e Testfor inclusion (P C Q): Inclusionis anexactoperation.P is includedin @ only if thegenerators
of P satisfytheconstraintof @, thatis,Yv € V : Av > B andVr € R: Ar > 0.

¢ Union (P J@®)): Theunionof corvex polyhedrais not necessarilyconvex, andthereforean upper
approximationis used. This approximationis called corvex hull, the leastconvex polyhedronthat
includesP and@. P |J @ is definedasthe polyhedronwith a systemof generatorshatis the union
of thosein P andqQ.

¢ Intersection (P @): Theintersectiorof two corvex polyhedrais necessarilcorvex. P Q can
bedefinedasthepolyhedrorwith a systemof linearinequalitieghatcontainsall theinequalitiesn P
andq.

e Widening (PVQ): Wideningis the approximateoperatorusedto guarantederminationin loops.
Wideningoperatormustensurethatit will reachfixpoint after a finite numberof iterations. PV(Q
is definedasthe systemof linear inequalitieswhich are satisfiedbothby P and@. As the number
of inequalitiesin P and @ is finite and this operatorcan only reduceor maintainthe numberof
inequalitiesterminationin afinite numberof stepss ensured.

¢ Applying alinear assignment(P[d := Cz + D]): Linearassignmentto a dimensionof the poly-
hedrontransformthe verticesand the edgesof the polyhedronas V' = {Cv + D|v € V} and
R' ={Cr|r € R}.

¢ Assigningan undefinedvalue to a dimensionor quantifier elimination(P[d :=7]): this operation
removesall constraintdor a given dimensionof the polyhedronwhile keepingall the implicit con-
straintsaboutthe restof dimensionsntact. This operations implementedvith the FourierMotzkin
elimination[51] method,i.e. we updatethe systemof inequalitiesasfollows: First, we addall the
possiblelinear combinationsof inequalitieswith non-zerocoeficientin d sothe coeficientin d be-
comeszero. For m inequalities,at most(m/2)? linear combinationswill be addedto the systemof
inequalities.Then,inequalitiesvheredimensiord hasnon-zerocoeficientareremoved.

Figure2.5 shavs someexamplesof theseoperationson corvex polyhedra.lt shouldbe notedthatthe

corvex hull andthe wideningoperatorarethe only operatorghatlooseprecision. All otheroperatorsare
exact.
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Thereare mary libraries of corvex polyhedrain the public domain,amongothersNew Polka [80],
polymake [59], Qhull [89], PPL (ParmaPolyhedrdl.ibrary) [13] andPolylib [87]. Additionalresourcesn
polyhedralcomputatiorcanbefoundin [58].

2.2 Timing analysis

Therearemary formal notationsusedto modelthe behaior of real-timesystems:Timed Graphs,Timed
TransitionSystemg64], Timed Automata[5], Hybrid Automata[4] and Timed Petri Netsamongmary
others. In the following, we will presenthe syntaxand semanticof someof thesenotations,aswell as
discussinghe compleity of its verification.

2.2.1 Timing Transition Systems

Timed transitionssystemsTTS) were introducedin [64] asa meansto modelthe timed executionof a
setof concurrenprocessesTimedtransitionsystemsarea extensionof the basiccomputationamodelof
transitionsystemg10].

In a transitionsystem,thereis a setof states andin eachstate,therecanbe several enabledevents
Wheneer aneventis fired, the stateis changedaccordingto a transitionrelation The eventto befiredis
chosemon-deterministicallamongthe enabledevents. A sequencef firings of eventsis calledarun, and
it isavalid runonly if ateachsteptheeventbeingfired wasenabledn thatstate.

Definition 3 Transitionsysteni10]

Atransitionsystem(TS) is a quadrupled = (S, 3, T, s;,), whee S is a non-emptysetof statesX isa
non-emptyalphabetof events 7" C S x ¥ x S is atransitionrelation ands;, is theinitial state Transitions
are denotecby s 5 s'. Anevente is enabledat states if 3s = s € T. We will denotethe setof events
enabledat states by £(s).

Definition 4 Runofa TS
LetA = (S,%,T,s;,) beaTS. Arunof A is a sequence; = s, 33 ... sud thats; = s;, and
€e; .

8; — Sit1 € T forall 7 > 1.

TTS introducethe notion of lower andupperdelayboundsof events. Eachevente hasan associated
intenal of positive realnumbersnotedas[d.,D.]. Thelowerboundof anevente representthe minimum
amounf timethatmustelapsebetweerthemomenthate becamdastenabledande wasfired. Conversely
theupperboundof e representthe maximumamountof time thatcanelapsebetweerthelastenablingof e
andthefiring of e.

Definition 5 Timedtransitionsystenj64]

A timedtransitionsystem(TTS) is atriple A = (A~,d, D) whee A~ = (S, X, T,s;,) isaTS called
the underlyingtransitionsystemd : ¥ — RT andD : ¥ — R* [J{oo} respectivelyssociatea minimal
anda maximaldelayboundgo ead event,sud thatVe € % : d, < D,.

In thismodel,choosingvhich eventis fired requirescheckingthatthedelayboundsof all enabledavents
aresatisfiedby our choice.For example,if threeeventse;, es andes have becomesnabledsimultaneously
andtheir delaysaree; = [2,3], e2 = [4,5] andes = [1,7], thenonly e; or e3 canbe choserto fire. We
cannotchooseo fire es, becausdé cannoffire before4 time unitsandin thattime e; would beforcedto fire
by its upperdelaybound. Therefore the definitonof a valid run of a TTS hasto establishthatmomentin
time whereeacheventis firedis consistentvith the delayboundsof the eventsinvolved.
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Figure2.6: TTS modellingthecontrollerof thedoorof agarage.
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Definition 6 Timedstatesequenc¢64]
[64] A timedstatesequencés a pair p = (o, t) sud thato is a sequencef statesandt is a sequence
of timestampsn Rt ¢y, o, t3, ... sudthatt; < to < t3 < ... (monotoni¢ andVk € RT : 35 t; > k

(progresks

Definition 7 Runofa TTS [64]
LetA = (A7,d, D) beaTTS. Arunof A is a timedstatesequence = (o, t) sud thato is a run of
theunderlyingtransitionsystem4 — and:

e lowerbound Ve € 3,5 > 0,§ >i:t; <t;+de: (s; — sj41 € 0) = (e € E(s5)).
e upperbound Ve € £, > 0:35 > i:t; <t;+ De:e ¢ E(si) V(sj = 8541 € 7).

Example. Figure2.6 shavs a TTS modellingthe controllerof the door of a garage. Thereareseveral
carsin thegarageandeachcarownerhasaremotecontrolthatcanbeusedo requesthedoorto beopened.
After receving arequestthe dooropensandremainsopenfor C time units. If thereis ary requesduring
thistime, thetimer is restartedptherwise the door closesautomatically Thetime requiredby the doorto
becomeopenedor closedis betweeni and D time units.

2.2.2 Timed Automata

TimedautomatdTA) wereintroducedn [5] asaformal notationto modelthebehaior of real-timesystems.
A TA is anautomatorextendedwith a setof clod variablesandclod constaints

Definition 8 Clodk constaints[3]
For a setof clodks X, thesetof constraintsb(X) is definedby thegrammar:

(X):=z<c|lc<z|z<c|lc<z|P1 N2
whee xisaclokin X, ¢ is aconstanin Q and¢; and¢- are constaintsin ®(X).

Eachstate,calledlocation hasan associateadlock constraintcalledinvariant that describeghe valid
valuesthat clocksmay have in thatlocation. Transitionsbetweenstatesare called switthes andthey are
extendedwith aclock constraintalledguard. A switchcanonly occurif theguardis satisfiedby thevalues
of clocks. After the switch,someof theclock variablescanberesetto zero.

Definition 9 TimedAutomata[3]

Atimedautomatons atupleT = (L, L;,, ¥, X, I, E) whee L is afinite setof locations L;,, C Lisa
setof initial locations,X is a finite setof labels X is a finite setof clocks I is a mappingcalled invariant
thatlabelsead locations € L with a clock constaintin ®(X),andE C L x ¥ x 2X x ®(X) x Listhe
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d < door < D Close

true d < door < D car = C
Door closed door:=0 Opening door car:=0 Car passing Closing door
T -
true Request door < D car <C Wait door < D

d < door <D

door = D car:=0

Fail
Request

Malfunction
true door = D Fail

door = D Fail

d < door < D

car:=0 -
Request door :=0

Reopening door

door < D

Figure2.7: TA modellingthe controllerof the doorof agarage.

setof switches A switch (s, o, ¢, A, ') representsa transitionfromlocationss to locations’ ona symbol.
@ is a clok constaint over X called guardthat specifiesvhenthe switdh is enabledand A C X givesthe
setof clokksto beresetto zeo with this switc.

Contraryto TTS, in TA therearetwo waysin which the stateof the systemmight evolve: time passing
or executionof switches In time passingtime canelapsewhile the automatorstaysin a specificlocation.
In this scenariothe invariantof the locationhasto be presered, i.e. afterthetime elapsedthe invariant
shouldstill hold. Theotherway of changingthe stateis a switchfrom onelocationto another In this case,
the guardof the switchshouldbe satisfied andafterresettingthe clocksof the switchto zero,theinvariant
of thenew locationshouldalsobe satisfied.

Definition 10 Semanticefa TA [3]
Thestateof a timedautomatoris definedasa pair (s, v) whee s is alocationandv is a clodk valuation
that satisfiedl;(v). Sud a statecanbe changed accoding to oneof thefollowing transitions:

e Timepassing:For atimeincrement) > 0, thestatecanevolveas (s, v) KN (s,v+0)ifVd:0<d<
0 : Iy(v + d) is satisfied.

e Executionof a switch: For a switch ¢ of the form (s, o, p, A, s'), the statecan evolveas (s, v) LN
(s',v[X :=0]) if v satisfiesheguad ¢ and Iy (v[\ := 0]) is satisfied.

Example. We will shav an exampleof TA modellingan extensionof the exampleusedfor TTS. In
this case the mechanisnthat opensandclosesthe door of the garageautomaticallycanmalfunction. This
situationcanbedetectedf thedoorof thegarageequiresmorethan D time unitsto becomeopened/closed.
In thatcase thedoorwill ring abell asawarning. This extendedsystemhasbeenmodeledin Figure2.7.
Contraryto TTS, thereareexplicit clock variables,called car anddoor. Theseclocks have to be reset
explicitly in transitions put time passings implicit within states.

2.2.3 Analysisof Timed Systems

Verification of concurrentsystemshasachiered very successfuresults. This successan be relatedto
efficient techniquedo traverseor generatehe reachablestatespace. For example,Symbolictechniques
basedon Binary DecisionDiagrams,canrepresentarge statespacesymbolically Therearetechniques
thatoperateonly on symbolicrepresentationsSuchfully symbolictechniqueganhandlestatespacesvith
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Figure2.8: Representationaf timed states:(a) discrete-baserkepresentationp) region-basedepresenta-
tion and(c) zone-basedepresentation.

sizesthatcannot berepresentedxplicitly. Bitstatehashingcanbeusedto explore only asubsebf thestate
space.Partial order reductionsdecreasehe numberof interleariings of concurrenteventsthat have to be
explored.

Several of thesetechniquescan also be appliedto the verification of timed systems. However, the
compl«ity of timed verificationis muchhigherthanthat of untimedverification. For eachuntimedstate,
we haveto considetto possiblenomentsn timewhereit canbeenteredr exited. Thisaggraatesavenmore
the stateexplosionproblem.Efficient datastructuresandalgorithmsarerequiredto represenctollectionsof
timedstates.

Timing analysiswith constantdelays

Many resultshave beenachiezed in the verificationof hybrid systemsandtimed automata.In hybrid au-
tomata statespacesreanalyzediusingcorvex polyhedrgd63]. In timedautomatapnly arestrictedclassof
clock constraintgs supportedseedefinition8). Thanksto this restriction,the timed statespaceof atimed
automatorcanbe representeéfficiently. Therearethreemajorfamiliesof representationsyhich canbe
seenn Figure2.8:

e Discreterepresentation$25]: Clocksareassumedo take only naturalvaluationst = 0,1,2,.... In
somemodels this mightfail to capturethebehaior of themodel.For example timedautomatasvith
constraintdike (clk < c¢) will notbeanalyzablexactly usingdiscretetime.

¢ Rajion-basedepresentation$2]: A regionis asetof clockvaluationssuchthat(i) theintegerpartof
all clocksareequaland(ii) theorderbetweerthefractionalpartof timersis thesame.

e Zone-basedepresentation$54]: A zoneis a cornvex setof regions. This setcanberepresentegery
efficiently asconstraintsn the boundsof clocks(c; < c¢lk < ¢z) anddifferenceshetweenpairs of
clocks(clky — clks < ¢). Thereis anefficientimplementatiorof this set,whichis calledDifference
BoundMatrix (DBM).

In the caseof discreteandregion time representationghe compleity liesin therepresentatioof sets
of clockvaluations Zone-basedepresentationalreadydescribesetof clock valuationshut they arelimited
to cornvex sets,while clock valuationsmay be non-cowex. In orderto keeptrack of possiblenon-comex
setsof clock values,a list of zonesshouldbe keptfor eachuntimedstate. Storingand manipulatingthese
setsof zones/rgions/discrte valuesis the bottleneckof timing analysistechniques.Sereral approaches
canbe usedto operateefficiently with thesesets. For instance DifferenceDecisionDiagrams(DDD) [77]
is a symbolicrepresentatiofor non-cowex setsof zoneswhich sharepropertiesrom DBMs andBDDs.
A DDD is like a BDD whereeachnode, insteadof beinga booleanvariable,is condition of the form
(z —y < ¢). Anotherrepresentatiothatis basedon DBMs is NumericDecisionDiagrams(NDD) [55],
whichis asymbolicrepresentatiofor discretetime. Region EncodingDiagrams(RED) [97] is a symbolic
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representatiofor non-cowex setsof regions. This representatiois alsobasecon BDD-principles.Another
symbolicrepresentatiofor non-cowex setsof regionsthatis basedn BDDs s Clod DifferenceDiagrams
(CDD) [16]. Timedpolyhedrd22] is arepresentatiofor non-cowex setsof regionsin whichanon-comwex
setis definedby the extremalregionsof the set.

Mary of thesetechniquesiave beenimplementednto powerful toolsfor the analysisof real-timesys-
tems.Someexamplesof thesetoolsareUppal, Kronos, CMC, Cospan andHyTech.

Timing analysiswith symbolic delays

Theprevioustechniquesverebasedntheassumptiorthatthe delaysof all eventsof the systemareknown

constantsA morecomple problemis the verificationof timed systemsvheredelaysarenotfixeda priori.

Theseunknavn delaysarerepresenteavith symbols,sothe problemcanbe statedas“timing verification
of systemswith symbolicdelays”or “parametrictiming verification”. For theseproblemsthe previousdata
structureannotbe used. The lack of an efficient symbolicrepresentatiofor non-conex setsmakesthis
problemvery difficult to dealwith. However, severalformalismshave beenusedwith moderatesuccess.

e Preshurger arithmeticsis the first-ordertheory of naturalnumberswith addition. Even thoughthe
verificationof a Preshirger formulahasa polynomialaveragecasecompleity, the worst-casecom-
plexity is O(222n) [83]. Thiscompleity restrictthenumberof symbolghatcanbeusedn aformula.
In [7], Preshirger arithmeticsis usedfor the verificationof timing diagrams.In [8], the problemof
symbolictime sepaation of eventsis studied:for a given pair of events,upperandlower boundson
the separatiorbetweerthemaredeterminedautomatically However, in bothcaseghesizeof theex-
amplesthatcanbe verifiedandthe numberof symbolsthatcanbe usedis limited by the exponential
worst-casédehaior.

e ParametricDifferenceBoundMatrices (PDBMSs) [9] arean extensionof DBMs which supportspa-
rametergsymbols). This representatiohasbeenusedto in the verificationof timed automatawith
symbols[67]. Again,this techniquehasstrongrestrictionson the sizeof the systemandthe number
of symbolsdueto the high complity of theapproach.

Therearemary openproblemsn thisarea.Fromthetheoretigpointof view, decidibility andcomplexity
of severalproblemsshouldbe establishedFromanappliedpoint of view, efficientdatastructuresandalgo-
rithms shouldbe designedandevaluated focusingon the verificationof larger systems.Our contritutions
in this areacanbefoundin Sectiord.2.

2.3 Synthesisof EmbeddedSoftware

2.3.1 Intr oduction

This sectionwill be focusedon the problemof static schedulingof concurent systems In this problem,
theinputis a concurrenispecificationn someformal modelthatallows the representationf controland
data[24,56,91]. The outputis a sequentiaimplementatiorthat can be executedon a single processor
withoutoperatingsystenmsupport.Noticethatthegoalof this problemis differentto thatof staticscheduling
of real-timesystemswheretheaimis defininganorderingof timedtasksthatsatisfiesa setof deadlines.

For systemswith data-dependemhoicesthe staticschedulingoroblemis undecidablen general24].
In thesesystemsthe schedulingoroblemis relaxedto quasi-staticscheduling wheremostof thescheduling
is doneat compile-timebut the data-dependemhoicesarepostponedintil run-time.
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The problemof staticschedulingof concurrentsystemss deeplyrelatedto the kind of representation
thatis beingusedto modelthe embeddedystem. Thereare mary modelsfor the representationf em-
beddedsystems. Dataflow networks [72], CommunicatingSequentiaProcessef66] and Kahn process
networks [69] are classicexamplesof concurrentepresentationsThe staticschedulingproblemfor these
representationisasbeenstudiedin [24,73].

Esteel [18] is aconcurrentanguagehatdescribesystemssynchronizedo a globalclock. Lustre [62]
is asynchronouslataflav languagethatdefineghesystenbehaior asa setof definitionsthatareevaluated
ateveryclockcycle. A suney ontechniquegor thesynthesi®f EsterelandLustrecanbefoundin [57]. The
researctprojectPolis [14] describesystemaising Co-desigrFinite StateMachines(CFSM) anextended
asynchronousersionof Finite StateMachines(FSM) which describeboth dataand control. The static
schedulingnsidePolis is describedn [29]. Its successotheresearchprojectMetropolis, usesa high-level
representatiocalled Metropolis Meta-Model[15], which definesa CSP-like systemwith communication
andsynchronizatiorprimitives. This representatioprovidesa meta-modein the sensehatthis formalism
is generaknoughto represenseveralmodelsof computationThesamegenericityis possesselly Funstate
[92], in which dataandcontrolflow arekeptseparately

Petri Net basedmodelsare very popularbecauseof the underlyingtheory and an intuitive graphical
notation.Thenotionof PetriNetdefineghecontrolof asystenin away thatexposegarallelismexplicitly.
However, datais not incorporatednto the basicnotion, and several extensionsof Petri Nets have been
proposedn orderto definea modellinglanguagdor embeddedystems.Most of theseextensionsbelong
to the generalfamily of coloured Petri Nets[68], but someof theserepresentationare worth mentioning
becaus¢hey arespeciallydevisedfor embeddedystemsExtendedlime Petri Nets(ETPN)[85] extendthe
PetriNet modelswith a separatalirectedgraphmodelingthe datapath Petri NetbasedRepesentatiorfor
Embedde®ystem$PRES)36] meigesdatainto the PetriNet, whereplacesepresentariablesandtokens
representalues;thereareadditionalguardson the valuesthat shouldbe satisfiedbeforefiring a transition.
Dual TransitionPetri Nets(DTPN)[96] alsopresentataandcontrolin the samePetrinetmodel,thistime
by distinguishingtwo kinds of transitions:controlrelatedanddata-relatedFlowC [35] is a representation
basedon PetriNetswhereeachtransitionis labelledwith C codethatshouldbe executedatomicallyif the
transitionis fired.

Thislasttechniques speciallyrelevantto theareaof thisdocumentbecausé exhibitsaproblemcalled
false path problemwhich canbe addressedssingabstracinterpretation.The restof this sectiondescribes
in somedetailthis Quasi-StaticScheduling QSS)algorithmwhich works on a Petri Net representatioof
processedn sectiord.3,the contritution to solve thefalsepathproblemis presented..

2.3.2 Petri Nets

This sectiondescribegienerahotionsof PetriNetsusedin thedescriptionof thealgorithm.Furthertheory
definitionsandpropertiesof PetriNetscanbefoundin [79].

A PetriNetis a4-tuple PN = (P,T,F, M,) whereP = py,...,p, is afinite setof places T" =
t1,... ,tm isafinite setof transitions F : (P x T)) U (T x P) — NistheflowrelationandM; : P — Nis
theinitial marking Thistuplecanberepresentetly adirectedbipartitegraph whereanedge[u, v] existsif
F(u,v) is positve, whichis calledtheweightof theedge.Transitionsaretipically dravn asbarsor boxes,
while placesarerepresentedy circles.

Eachplaceon the Petri Net containsa numberof tokens definedby a markingM : P — N. The
numberof tokensin a placep atamarkingM is denotedoy M [p]. Theinitial markingdescribegheinitial
stateof theplacesof thenet. A markingmight enablea transition,meaningthatthis transitioncanbefired;
firing anenabledransitionmodifiesthe marking,possiblyenablingor disablingothertransitions Formally,
atransitiont is saidto be enabledata markingM if M([p] > F(p,t) for all p € P. In this case onemay
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fire thetransitionat the marking,which yieldsa marking M’ givenby M'[p] = M|[p] — F(p,t) + F(t,p)
for eachp € P. In thesequel, M[t) M’ denoteshe factthatmarking M’ is reachedrom marking M by
firing theenabledransitiont.

A transitionis calleda sourcetransitionwhenF'(p, t) = 0 for all p € P. Sourcetransitionsarealways
enabledndependenthof the currentmarking,andthereforethey canalwaysbe fired at ary time. By this
reasontheseransitionswill beusedto modelinputeventsfrom the environment.

A markingM' is saidto bereadablefrom M if thereis a sequencef transitiongfireablefrom M that
leadsto M'. The setof reachablenarkingsfrom theinitial markingis denotedby [M;). Thereadability
treeof a PetriNetis a treethat containsnodeslabeledwith the markingin [M,); theroot nodeis labeled
with My andanodelabeledwith M hasachild M’ if thereis a transitiont suchthat M [t) M'. Eachpath
startingattheroot of thereachabilitytreerepresenta sequencef transitiondireablefrom M.

A key notionwe usein PetriNetsto definescheduless equalconflictsets A pair of transitionst; and
t; is saidto bein equalconflictif F(p,t;) = F(p,t;) for all p € P. Thesetransitionsarein conflictin the
sensdhatt; is enabledata givenmarkingonly if ¢; is enabledj.e. if thefiring of atransitiondisables; it
alsodisableg ;. Theequalconflictis anequvalencerelationonthesetof transitionsthatcanbepartitioned
in setof equivalenttransitionscalledequalconflictsets(ECS).For example the setof sourcetransitionss
anECS,whichis denotedby Eyy. By definition,if onetransitionof anECSis enabledatagivenmarking,all
theothertransitionsof the ECSarealsoenabled Thus,we maysaythatthis ECSis enabledat themarking.

A placep is saidto be a choiceplaceif its hasmorethanonesuccessotransition. A choiceplaceis
EqualChoiceif all thesuccessatransitionsarein thesameECS.

2.3.3 Quasi-StaticSchedulingalgorithm
Assumptions

The QSSalgorithmpresentean this sectionworks undera setof assumptionsn the environmentandthe
system.Theseassumptionsnustholdin orderfor the QSSalgorithmto beappliable.

We considefasystemnmto bespecifiedasasetof concurrenprocessesrheimplementatiorof thissystem
is mappedassoftwareto be executedon a singleprogrammabl@rocessor

The systeminteractswith the environmentthroughinput andoutputports. The interactionproceedsis
follows: the ervironmentcanplacean objectin aninput port at ary time; the systemreactsto this input
by performingsomeactions,which mayresultin writing an objectto anoutputport; the ervironmentcan
consumehe objectsin outputportsatarny time.

The only assumptiormadeon the inputsis aboutthe rate the rateof the arrivals of inputscannotbe
fasterthanthe rate of processingf inputs. This assumptioris necessarypecausetherwiseit would be
impossibleto avoid overflon. No otherassumptionsre madeon theinputs,in particularwe assumehat
thereis no correlationamonginputs.

The behaior of eachprocesdn the systemis describedby a sequentiaprogram,written in FlowC.
Communicatioramongprocessess point-to-pointandoccursthroughuni-directionalFIFO ports.

Overview of the QSSalgorithm

Undertheseassumptionshe QSSalgorithmwill generatea sequentiataskfor eachinput port. The tasks
areguaranteedo requirea finite memoryfor the communicatiorports,asthe QSSalgorithmcomputesa

boundto the maximumnumberof elementsn eachport of the system.If the algorithmfails to establish
boundfor ary port, QSSfails andthe systemis consideredo be non-stiedulable The synthesiof tasksis

performedusingPetriNetsasthe underlyingmodel,dueto their explicit representationf concurreng.
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The codeof eachtaskmight containdata-dependemontrol constructsl|ike conditionalsor loops,be-
causethey cannotbe resoled without the valuesof data,that are only available at run-time. All other
operationsyhich arenotdata-dependengresequencializetb reducetherun-timeoverhead.

Beforeintroducingthe QSSalgorithmin detail,we will present very brief overvien of thethreemain
stepsof thealgorithm:

Quasi-StaticSchedulingalgorithm

Communicatingequentiaprocesses— — PetriNet —» Setof schedules—» | — Setof tasks

1. Translationinto Petri Net The concurrentspecificationis translatednto a single Petri Net model.
FlowC statementanddata-dependertonstructsappearaslabelsin this PetriNet. Inputsfrom the
ernvironmentaremodeledassourcetransitionsn the PetriNet.

2. Sceduling The PetriNetis analyzedo find all the possibleexecutionflows thatcanbetakenwhen
aninputreacheshe system.Thoseexecutionflows containactionsthatbelongto differentprocesses
andcanbesequentializedTheresultis anscedulefor eachinput of the system.

3. Codegeneation The laststepconsistan generatingcodefor the schedules.The goal of this step
is to reducethe sizeof generatedodeandto take advantageof boundsin communicatiorbuffersto
increasgperformancee.g.replacingbuffersof sizel by scalarvariables.

Translation into Petri Net

Thefirst partof the QSSalgorithmis thetranslationof a setof concurrenprocessesto asinglePetriNet.
This translationis achievedin two steps:compilationandlinking. Briefly, compilationgenerates subnet
for eachprocessn the network, while linking combineghosesubnetsnto thefinal net.

Compilationperformsa syntax-dnwen translationon the code of eachprocessto getits subnet. A
placeis createdfor eachport reador written from the process.The FlowC statementare translateddif-
ferently dependingon t: statementshat do not operatewith ports are labeleddirectly into a Petri Net,
while statementthatoperatewith portsaredecomposeihto several transitionsuntil basiccommunication
statementsrereached.Thesebasiccommunicatiorstatement$SELECT, READ WRITE) aremodeledas
adding/remuing tokensto/froma placerelatedto a port.

Whentranslatinga compoundstatemente.g. while loop) that containsa communicatiorconstruct,
data-dependemonstructsaremodeledasEqual ChoiceplacesJabeledwith a booleanconditionandwith
two outgoingarcs,labeledTrue andFalse . Thesuccesotransitionsof sucha placeconstituteanECS.

Petrinetlinking combinesall thesubnetgrom all the processemto a singlesubnet.Thisis doneby (1)
meiging placesthatrepresenthe sameportinto a single placeand(2) addingonesource(sink) transition
connectedo eachinput (output)port. This resultingPetriNet modelsthe concurreng in the executionof
the processesf the system. As statedpreviously, sourcetransitionsmodelinputsfrom the ervironment.
Sourcetransitionsarealwaysenabledmodelingthatinput transitionscanbefired from the ervironmentat
ary time. However, we assumdhatthe input rateis low enoughto allow the processingf inputsin the
system.

Scheduling

Whenthe Petrinetmodelfor the whole systemis available,the next stepis the generatiorof a setof traces
that representll possiblebehaiors at run-time. The evolution of a Petri Net canbe modeledby means
of the reachabilitytree, that specifieswhich markingsare reachabldrom the initial marking (andhence
the possiblestatesof the communicatiorchannels)andwhich transitionscanbe fired (and hence which
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Figure2.9: (a) Non-schedulableet, (b) Schedulabl@etwith schedule

codewill be executedat eachpoint). We do not needto explore the entirereachabilityspaceo modelthe
behaior of the system,becauseve know that this behaior will be cyclic: wait for input, receiveinput,
reactto input, wait for input again. Therefore the goal of this phasewill be finding a relevant subsetof
the reachabilityspace,i.e. arelevant subtreeof the reachabilitytree, thatis enoughto modelthe cyclic
behaior of the systemregardlessof the valuesof data,while ensuringfinite memoryfor communication
channels.This relevant subtrees calleda schedule andit providesa sequentiasummaryof theresponse
of all processem the systento inputsfrom the environment. This schedulewill be our first steptowarsa
task-basedmplementationFromthis schedulewe will describehebehaior of thesystenmwith respecto
asingleinput, andfrom this modelwe will generate taskfor eachinputof the system.

An importantnotionto be definedbeforedescribingscheduless the notion of await state A stateof
the reachabilitytreewherethe only transitionsthat are enabledare the sourcetransitionsEy; is calledan
await state As theonly transitionghatcanbefired areinputsfrom theenvironment,anawait statemodels
a situationwherethe systemis waiting for the environmentto producean input. Any run of a taskof the
systemwill startin anawait state(the systemwaswaiting andthe environmentproducesaninput) andwill
endin an await state(theinput hasbeenfully processedr it the systemneedsmoreinputsto continueits
computation).

The definition of schedulds basedon this notion of await state. A scheduleof a PN is finite directed
graph,whereeachnodev is associatedvith a marking M (v) and eachedge(u,v) is associatedvith a
transitionT’(u, v). Thegraphhas5 properties:

1. Thereis only onenodev associateavith theinitial marking M.

2. For eachnodew, the out edgesare associatedvith transitionsof an ECSthatis enabledn marking
M(v). Whenthis ECSis Ey, the sourcetransitions,this is an await node. This ECScanmapa
data-dependemrbnstrucfrom the original specification.

3. For eachedge(u, v), markingM (v) canbereachedrom marking M (u) firing transitionM (u, v).
4. Eachnodehasatleastonepathto anawait state.
5. Eachawait stateis atleastononecycle

For example,Figure2.9 presentshe schedulabilityproblemfor two PetriNets. For eachPN, we try to
build a schedulghat ensureghe five propertiesstatedabove. Await statesin the schedulesaredisplayed
insidea grayedbox. For net(a) we cannotfind afinite schedulethusthe netis labeledasnon-schedulable.
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Theimpossibilityto scheduldghis netcomesfrom the lack of controlof the inputsfrom the environmenta
andb: onecanbefired from the ervironmentindefinitely thereforewe canreacha markingwith aninfinite
numberof tokensin the placesp2 or p3. However, we canfind afinite scheduldor net(b), asthereaction
to oneinputis independentrom the otherinputsfrom the environment.

A completedefinition of the schedulingalgorithmcanbe foundin [35]. Intuitively, schedulesrebuilt
assubtree®f thereachabilitytree. Thetraversalstartsattheinitial marking,andit exploresthetreelooking
for a pathto anawait node. Fromthis await node,thetreeis exploredfurtherto find pathsto otherawait
nodes,and cyclesthat containthe await node. If the treebuilt in this way satisfiesthe 5 propertiesof a
schedulethena schedulds built by creatingthe cyclesin our subtree.Otherwise the algorithmdeclares
the PN asnon-schedulablandterminates.

If afinite schedulecanbefoundfor agivenPN, its propertiesnsure:

e Cyclicbehavior Is guaranteethy propertieg4) and(5), becaus@anawait statecanalwaysbereached
from the currentstate andan await stateis alwaysonacycle.

e Correctbehaviorregardlessof thevaluesof data Data-dependemonstructarenotevaluatedduring
scheduling but at run-time. Therefore,the scheduledescribeghe behaior of the systemfor ary
run-timevaluesof data.

¢ Finite memonyfor communicatiorchannels Theschedulespecifiesafinite setof reachablenarkings.
Eachmarkingdescribegshe numberof tokensfor eachplace,andhencethe capacityof all the com-
municationchanneldor this state By traversingthefinite setof reachablenarkingswe cancompute
theupperboundon the numberof elementsn eachcommunicatiorchannel.

Codegeneration

Thelaststepof the QSSalgorithmis the generatiorof anefficientimplementatiorof the schedulebtained
in thepreviousphase A directtranslatiorof the scheduleénto C codewould be possible put the sizeof the
codewould be probablybigger We will take advantageof thetwo facts.First,we know thatpossiblysome
codefragmentswill bereplicatedn differentpartsof the schedulewe canreducethe sizeof thegenerated
codeby generatinga single copy of thesecodefragments. Second,we have establishedoundsfor all
communicatiorchannelsnsidethe system.If the sourceandtamget of onechannehave beenmegedin a
sequentiabode,we canreplacethe communicatiorchannelby a circular buffer of known size,replacing
read/writeoperationsy read/writefrom thebuffer. Moreover, if thebuffer hassizeone,thecommunication
channektanbereplacedy asinglevariable gettinga hugespeed-upn run-timeandallowing compile-time
optimizationsof thecode.

2.3.4 Falsepath problem

During synthesisdata-dependemnstructsareanalyzedconseratively, in the sensdhatall possibleout-
comesof theconstructe@reconsideredeasible.However, theremight be paths calledfalsepaths thatare
unfeasibleat run-time,becausehe value of the variablespreventsthat pathfrom beingtaken. In QSS,all
thesepathsarebeingconsideredsomethingwhich leadto inefficiengy, andin someextremecasesto the
impossibilityto performsynthesiof systemsiueto hugenumberof falsepathsthat have to be takeninto
accountFindinganautomatiomechanisnto prunethesefalsepathsautomaticallyandstaticallyis anopen
problem.

In sectiord.3, we presenbur contritution towardsthe solutionof this problem:anautomatidechnique
for the staticeliminationof falsepathsbasedn abstracinterpretation.
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Chapter 3

Goalsof the thesis

The goal of this thesiswill be the researclof efficient algorithmsand datastructuresfor the analysisof
concurrensystemsbasednthetheoryof abstractnterpretationThekind of analysighatwill beexplored
arethosewith applicationto verification timing verificationor synthesi®f concurrensystemsAlso in the
scopeof this thesis,we will implementthe proposedechniquesnto verification and synthesigools and
evaluatethe efficiengy andapplicability of the proposedapproaches.

The problemof data-flav analysisof concurrentsystemshasa very high computationacompleity.
Thereforethemainconcernsn theresearchwill bethe eficiencyof the proposedechniquesandthe scal-
ability of theresults sothatthey canappliedto analyzesystemof arelevantsize.

Thefollowing problemsandresearchdirectionshave alreadybeenidentified:

Timing analysisof systemswith symbolic delays

Thereareseveraltechniquegor computingconserative timing constraintgor thecorrectnessf concurrent
systemsThesaechniguearebasedn analyzingthe systermwith known constandelays.

Usingabstracintepretationijt is possibleto computetiming constraintdor the systemwithout having
to specifydelayseaving unknowndelaysrepresentedssymbols This kind of constraintsaarevery useful
in the sensehatthey characterizethe correctnessf the systemfor ary possibledelay For example,it is
possibleto seethatthe correctnessf acircuit is independenof the delayof someof its components.

In this area,we planto studyalgorithmsfor the timing analysisof concurrentsystemswith symbolic
delays.Theresultsof this analysiscanbeapplieddirectly to theverificationof timedasynchronousircuits.
Part of this work hasalreadybeenperformedandit is presentedn Sectiord.2.

Synthesisof embeddedsoftware

In the areaof embeddedystemdesign,the synthesiof sequentiaimplementationgrom concurrenim-
plementationdasa specialrelevance. Efficieng/ of the synthesizedmplementatioris a major concern,
somostof the work shouldbe performedat compile-time. However, someproblems lik e the outcomeof
data-dependemhoicescannotbe analyzedreciselyat compile-time.

Abstractinterpretatiorcansolve this problemwith approximateompile-timeanalysif data-dependent
choices.Theresultsof this analysiscanbe usedto predictthe sizesof communicatingchannelspr detect
pathsof executionthatareunfeasibledueto the valuesof variables.Section4.3 present®ur contritutions
in thatdirection. Thereareadditionalbenefitsfrom applyingabstracinterpretatiorto the synthesigroces:
the possibilityof performingperformanceestimatiorandverificationof thegenerated¢ode.
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Study of new abstractionsof numeric values

In theliteratureof abstracinterpretationthereareseveralabstractionshatrepresentonstraint®n numeric
variables. Eachof themprovide a uniquetrade-of betweercompl«ity andexpressienessof thesupported
constraintsHowever, therearesomeproblemgor whichthereis notanabstractiorwith a suitabletrade-of.

For example,in timing analysisjt is ofteninterestingto expressthatthe delayof oneexecutionpathis
smallerthanthedelayof anotheexecutionpath,e.q.d1 +ds < dy+ds+dg. Thesegpathconstraint@relinear
inequalitiesvhereall coeficientsarein {—1, 0, +1}. Clearly theseconstraintganonly berepresentedith
convex polyhedra.However, the factthatall coeficientsare{—1,0,+1} could be usedto definea more
efficientrepresentation.

We will studythe performanceof state-of-the-artechniquesandexplore alternatve representationsf
numericconstraintghat provide bettertrade-ofs thanexisting representations.

Efficient strategiesfor solving systemsof equations

Abstractinterpretatiomeducesghedynamicbehaior of asystemto asetof equationsSolvingthis systenof
equationss doneiteratively until afixpointis reachedThiscomputatiorusuallyhasavery highcompleity.
Finding a way to speedup this computationcan provide a hugeimpactin the overall efficiency of the
analysis.

In this areawe planto studydifferentmechanismso acceleratéhe procesf finding a solutionto the
systemof equationsMoreover, we intendto studytechniquego performanalysisof subset®f the system
of equationsn orderto getapproximateesultsquickly without having to wait for corvergenceof theentire
systemof equations.

Decidibility and complexity aspects

Mary interestingproblemsrelatedto the staticanalysisof systemsare undecidablebecausehey canbe
reducedto the halting problemof the Turing Machine. Abstractinterpretationfacesthoseproblemsby
using approximation,.e. for someproblems,in additionto “yes” or “no”, the answercanbe “l dont
know”.

In staticanalysistherearealsomary problemshataredecidablehroughexacttechniquesWe planto
studythe decidabilityandcompleity of the problemssolved usingabstracinterpretatiortechniques For
example,we areconsideringpropertiesof a systemthat might be sufiicient to ensurethat exactanalysisis
decidible.

Compositionaland hierarchical abstract interpretation

The resultsof staticanalysistechniquesanprovide very preciseinformationaboutthe stateof a system.
However, the compl«ity of suchanalysismalesit difficult to be appliedto systemf arelevantsize.

We will study stratgiesto divide the analysisof a complex systeminto several analysisof simpler
subsystemandcomposeheresultsof the partsfor the verificationof thewhole system.

Applicability of symbolictechniques

DecisionDiagramtechniquessuchasBinary DecisionDiagramshave beenappliedsuccessfullyto mary
domains.The ability to manipulatdarge setsof statessymbolicallyallows anefficient analysisof systems
with very large statespacessomethingvhichis very interestingfor our domainof study However, thereis
no symbolicrepresentatiowhichis fully adequatdor abstractnterpretation.
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In ourwork in thisareawe planto studyefficientabstractionsf numericvaluesthatcanberepresented
usingsymbolictechniquesandsymbolicversionsof the abstractinterpretatioralgorithmthatrely on the
previously definedabstractions.
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Chapter 4

Contrib utions

4.1 Summary of the contributions

This chapterdescribeghe original resultsthat have beenobtainedin the areaof verificationandsynthesis
of concurrensystemsThemainresearchesultsthatarepresentedh this chapterare:

¢ An algorithmfor the automaticdiscovery of linear delayconstaintsthatguaranted¢he correctoper
ationof atimedcircuit.

The relevanceof this techniqueis basedon the fact that the algorithmworks with symbolicdelays
insteadof requiringknown constantdelaysasin previousworks. Symbolicinformationcanbe used
to implementthe circuit moreaggressiely, reducingthe delayof the circuit while ensuringthatno
errormay occur This algorithmhasbeenimplementedn a verificationtool andit hasbeenusedto
verify abenchmarlof asynchronousircuits,includingseveral patentecircuits.

¢ A proposabf anautomaticalgorithmfor theremaoval of false-pathen QuasiStaticScheduling.

QuasiStatic Schedulingequiresexploring the possibleexecutionpathsthat canbe taken by a setof
processesMary of thesepathsareunfeasiblebecausef the datavalues,e.g. loopsmay notiterate
infinitely. All thesepathshave to be consideredluringthe schedulingandincreasehe compleity of
the schedulingorocedure.Our proposaldescribesa pruningalgorithmthatanalyseglatavaluesand
remove the unfeasible(false)paths. This is thefirst fully automaticalgorithmfor the compile-time
removal of false-paths.

The remainingof this chapteris organizedin threeblocks: the descriptionof the timing verification
algorithm; the descriptionof the false-pathelimination algorithm; andthe list of the publicationswhere
theseworkshave beenpresented.

4.2 Timing Verification of Concurrent Systemswith Symbolic Delays

4.2.1 Intr oduction

Thecorrectnessf concurrensystemoftendepend®n thetemporalcharacteristicstesponsdimes,time-
outs, computationablelays,etc. Sereral formalismshave beenproposedo modelsuchsystemssuchas
Timed TransitionSystemg64], Timed Automata[5] andHybrid Automata[4].

In thesemodels,a systemis specifiedas an automatonwith annotatediming information. Given a
property verificationusuallygivesan answerof this sort:
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Figure4.1: Motivating example: (a) anasynchronousircuit, (b) reachablestatesvithout consideringde-
lays, (c-d) reachablestateswith differentsetsof gatedelays. The shadedareahighlightsthe hazardof this
circuit.

e Thesystenis corrector
e Thetraceo leadsto a failure

whereo is a sequencef eventsannotatedvith time. However, the previous answeris only valid for the
particulartiming informationprovidedfor thatinstanceof the system Let usassumefor example thatthis
informationis the setof gatedelaysof a circuit. Theanswemould only bevalid for a particulartechnology
andcould not be extrapolatedo othertechnologies Would it be possibleto give a characterizatioof the
circuit asa setof timing constraintghat could guaranteehe correctnes®f the circuit andthatwould be
independentrom the technology?.For example,the following answemwould be muchmore meaningful:
Thecircuitis correctif

0(G1) +6(G2) < 0(G3)+(Ga)+6(Gs) A
0(G2) < 346(Gg)+26(G7)

whered(G;) denoteghe delayof the gateG;. Theadwantageof this type of answeris obvious. However,
thisrequiresananalysiswith symbolicdelays thatmakesverificationmuchmorecomplex.

This sectionpresent@&nalgorithmicapproacHor the automaticdiscovery of linear constaintsin timed
systemshat guaranteetheir correctness Oneof the main motivationsof this work is the characterization
of the behaior of asynchronousontrollers. The correctnessf thesecircuits often depend®n the actual
delaysof the gates. Under certaingatedelays,the circuit may manifesthazardousehaior that canbe
propagatedo someoutputsignalandproduceafailure. The purposeof the verificationis to derive a setof
linearconstrainton the gatedelaysthatguarantea hazard-fredoehaior. Eachconstraintusuallyrefersto
a pair of structuralpathsin the circuit whosedelaysmustbe relatedby aninequality(e.g. delay(path) <
delay(path)).

The compleity of the problemrestrictsthe size of the circuitsthat canbe verified with this approach,
sinceexplicit representationef the statesarerequired. Sofar, circuits with up to 15 symbolshave been
verified. This makesthe approachspeciallysuitablefor the verificationof small circuits whosebehaior
depend®nthetiming characteristicef thecomponentssuchasasynchronousontrollers.Someexamples
of thesecontrollersarethe IPCMOScircuitsfrom IBM [90], the self-resettingdominocontrollersusedin
the integer executionunit of the Pentiun® 4 processofrom Intel [65], or the GasPFIFO control circuits
from SunMicrosystemg94].

4.2.2 A motivating example

Beforedescribingthe techniquewe will discussa motivating examplefrom the domainof asynchronous
circuit design. Asynchronougircuits do not usea global clock for synchronizationput additionaldesign
andsynthesiseffort is requiredin orderto make surethatthe implementatioris free of hazads[78]. In a
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discretemodelof a circuit, ahazardcanbe conseratively modeledasa signaltransitionthatdisablesa gate
thatwaspreviously enabledij.e. beforea gatecompletechangingheoutputsignal,input signalschangego
a statewherethe outputsignalno longerneedgo be changedIn the analogworld, a hazardcanmanifesta
momentarypulsethatcanproducea circuit malfunction.

Figure4.1(a)describesan asynchronousircuit with threegates. Figure 4.1(b) depictsthe reachable
statesannotatedvith thesignalvalues(x, y, z), startingfrom all signalsatzero.In theuntimedstatespacea
hazardoccursin statel10, wherethe outputof thebuffer is zero,but it is changingo 1. If theinverter(z—)
completedasterthanthe buffer (z+), thenthebuffer is disabled.However, this reachabilitygraphdoesnot
take gatedelaysinto account.Thereachabilityof the hazarddepend®n the delays beingreachabldor the
delaysin Figure4.1(c)andunreachabléor thedelaysin Figure4.1(d).

The approachpresentedn this sectionaims at discovering the necessaryestrictionsthat have to be
satisfiedby the delaysto avoid all hazardsproviding a more generalresultthanthoseof non-symbolic
techniquesthatcanonly prove or disprove the existenceof hazarddor a setof known delays.An example
of the constraintghatcanbe computedautomaticallywith thistechniques:

Dpyt < dipy + dor

whered and D representhe minimumand maximumdelaysof the gates. This restrictionis sufiicient to
avoid the hazardin this circuit, sothatany choiceof delaysthat satisfieshis propertywill not exhibit the
hazard.The mostinterestingaspecbf this characterizatiois thatit is technolayy independent

4.2.3 Timing Verification without Symbols

Severaltechniguegor computingconserative timing constraintgor the correctoperationof asynchronous
circuits are availablein the literature. The main differencebetweenthis sectionandtheseapproachess
thatthey arebasedon analyzingthe circuit with knowvn constantmin-maxdelaysin gatesandwires[17,
26,34,71,84]. Theapproachpresentedn this sectioncandealwith unknowndelaysthat arerepresented
assymbols Therefore the analysiscanbe performedwithout makingary assumptioron the delayof the
component®f thecircuit or the eventsof theervironment.

Therehave beenfew contritutionsrelatedto timing analysiswith symbolicdelays. In thesecontriku-
tions,Preshirgerarithmeticshasbeenusedfor theanalysisof timedsystemavith symbolicdelaysin several
relatedproblems.In [7], anapplicationto the verificationof timing diagramswith symbolicdelaysis pre-
sentedln [8], Preshirgerarithmeticds appliedto the problemof symbolictime sepaation of events which
is vaguelyrelatedto timing verification. However, the efficiengy of thetechniquepresenteds this sectionis
superiorto thatof Preshirgerarithmeticsregardingboththe numberof symbolsthatcanbe handledandthe
sizeof thesystemghatcanbeanalyzed.

Thekind of timing constraintghatcanbe computedn othertechniqueslsodiffersfrom ourapproach.
Thefirst classof constraintgs metrictiming constraintsi.e. constanmin-maxboundsfor the components
of a circuit. In [71], contraintsare describedas boundeddelayscalled delay paddingsthat have to be
introducedin the circuit to guaranteecorrectness[26] computesdelay paddings plus the requireddelay
boundson input events. Anothergroupof constraintss relativetiming [17,34,70,84], i.e. constraintghat
describeaherelative orderamongconcurrengvents.Ourapproacttancomputeawider classof constraints,
linear constaints Therefore our analysisprovideslessconserative timing constraintsthatcanyield an
increasen performance.

Our approactusescorvex polyhedraasthe abstractiorto represensetsof timedstates.In [50] convex
polyhedraare usedto analyzelinear relationsamongvariables,in the contet of algorithmsfor the static
analysisof programs.To presere closednesi setoperationspolyhedracanonly represenapproximations
of the statespace.For example,the unionis not closedfor corvex polyhedra.As an overapproximation,
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Algorithm  Abstactinterpetation(G, Ary)
Input: A graphG = (N, E) with initial nodeIrn andinitial constraintsdy,,.
Output: TheabstractionTime for all nodesandedges.

foreach noden € N do Time(n) :=§; endfor
foreach edgee € E do Time(e) := 0); endfor
Time(In) = Ap;
changed .= {N};
do
n ;= nodein changed with lowestDFSnumber;
changed = changed \ n;
foreach edgen >m € E
newTime = transfer(Time(n));
if (newTime C Time(e)) continue
Time(e) := newTime;
if (Time(e) C Time(m)) continue ;
if (eisabackedge)
Time(m) := Time(m)V(Time(e) | Time(m));
else
Time(m) := Time(m) |J Time(e);
changed = changed | J{m};
while (changed # 0);

Figure4.2: Abstractinterpretatioralgorithm

the corvex hull is usedinstead. This stratgy hasalso beenusedby other authorsfor the approximate
verificationof real-timesystemg53], linearhybrid automatandsynchronougprogramswith counterg63].
Linear hybrid automataand synchronougprogramsdiffer from timed transitionsystemsn the condition
requiredfor an eventto happen,.e. thereis no restrictionon the time elapsedsincean event becomes
enabledfor firing until it is finally fired, contraryto the lower and upperboundrequirementglefinedin
timedtransitionsystems.

4.2.4 Timing analysisalgorithm

Eventsof a TTS canonly befired if their lower and upperboundrestrictionsare satisfied. Intuitively,
eacheventhasanassociatedventclock thatstoreshe amountof time elapsedsincethetransitionbecame
enabled.Eachtime an eventis fired, eventclockshave to be modifiedaccordingly Analysisof the values
of eventclockscanrevealwhetheraneventcanbefired or notin a givenstate.

This sectionpresent@nalgorithmthatcomputesa conserative upperapproximatiorof theeventclock
values. Approximationswill be propagatednd combinedusingfixpoint techniquesiescribedn abstract
interpretation.

Abstract interpretation for Timing Analysis

For the problemof timing analysisof aTTS, aconfigurations a setof valid assignmentef constanvalues
to clocksandsymbolicdelays.We will abstracthe setof valid assignmentasa corvex polyhedrornthatis
an upperapproximatiorof this set,i.e. all valid assignmentareincludedin the polyhedron.The corvex
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polyhedrorwill describethelinearconstraintghataresatisfiedamongclock valuesandsymbolicdelaysin
all thesevalid assignments.

Therewill betwo kinds of locationsof interestof our timing analysisof TTS: statesandtransitions.
We will notethe abstractiorin a givenlocationz asTime(z), eventhoughthe abstractiorhasa different
meaningfor stateghanfor transtions.

¢ In stateswe areinterestedn the valueof clockswhena stateis reachedi.e. the preconditionof the
state.

e Abouttransitionswe would like to computethevalueof clocksafterthetransitionhappensi.e. after
firing anevent. This canbe considerecdiscomputingthe postconditiorof the transition.

In orderto definethetiming behaior of the systemwe have to build a systemof equationghatdefines
how time elapses.Whenan stateis reachedseveral eventsbecomeenabledwhile othereventsthatwere
enabledoreviously continueto be enabled.Theseeventshave to be fired accordingto its lower andupper
delaybound takinginto accounthatsomeeventshave alreadybeenenabledor sometime. We have defined
asymbolicfunctioncalledtransfer(explainedin detailin sectiord.2.4)thatadvancegheclock valueswhile
satisfyingall upperandlower bounds.Usingthis function,the abstraction$or statesandtransitionscanbe
definedasthefollowing systenof equations:

e Vn 5 m e T:Time(e) = transfer(Time(n))
e Vm €T,n>mecT:Time(m) =] Time(e)

Figure4.2describeganalgorithmthatcomputessolutionfor this systenmof equationsisingaincreasing
fixpoint. Eachlocationstartswith an emptysetof valid assignmentto clocksandvalues,i.e. andempty
abstraction.The algorithmappliesthe equationsteratively aslong asthe addnew valid assignmentsThe
solutionis reachedvhenthereis afixpoint, i.e. applyingall equationsanothertime doesnotyield ary new
statesn ary locationof the system.

Termination,i.e. convergenceof the systemof equationsjs guaranteedby usinga wideningoperator
(AVB) for loops,asdiscussedn Section2.1.3.

The clock transfer function

Thecoreof theanalysids theclodk transferfunctionthatcomputesymbolicallythechangedn clock values
afterfiring an event. Clock valuesarerepresentethy a corvex polyhedronwith onedimensionper event
clock andonedimensionper symbolicdelay The restrictionsof this polyhedronrepresentherestrictions
on the clock valuesin a given state. Intuitively, the purposeof the transferfunction is to make surethat
when&er anevente is fired, its delayboundsd, and D, aretakeninto accountandaddedo therestrictions
ontheclockvalues.

Eventclocksfor enabledventsstoretheamountof time elapsedincethe eventbecamesnabledhile
disabledclocksareundefinedj.e. thereis no restrictionon their value. After firing anevent, eventclocks
shouldbe updated becausesometime haselapsedsincethe firing of the lasteventto thefiring of current
event. Thistime spentin the stateis calledclock step andit shouldsatisfythefollowing properties:

e Stepshouldbe> 0, i.e. no negative time increments.

¢ Stepshouldbe long enoughto ensurethatthe firing of e happenst leastd, time units aftere was
enabled.At the sametime, it shouldbe shortenoughto ensurethate is fired at most D, time units
afterbecomingenabled.
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Algorithm  transfefsrc, dst, e, P)
Input:  An eventsrc = dst with preconditionP.
Output:  Thepostconditiorof src < dst.

P :=P A (step > 0);

P =P A (clock, + step > d.);

P :=P A(clock, + step < D,);

foreach evente' #e: e’ € E(src)
P := P A (clocker + step < Der);

foreach evente’' # e: e’ € {E(src) NE(dst)}
Plclocker := clocke + step);

foreach evente’' # e: e’ € E(dst) Ae' ¢ E(sre)
Plclocke == 0];

foreach evente’' # e: e’ € E(src) Ne' ¢ E(dst)
Plclocker :=7];

if (e € £(dst)) Plclock, :=0];

else Plclock, :=7];
Plstep :=7];
return P,

Figure4.3: Clocktransferfunction

transfer(e, P ) =
P
{P} P :=P A (step 20)
a b P:=P A\ (clockg+step >
P:=P A\ (clockg+step <
P:=P N\ (clock 5+ step <
<

e)
e)
a) {P} = {(ClOCk‘e = O) A (clocka = ()) A (0 < clocky < 1)}
b) {Q} = {(clock. = 0) A (D, > clockg > d¢)A

{Q) P [clock ¢= 7] (Dg > clocky > de) A (de +1 < Dy)}
P [clock pi= ?]
a ©  P[clock o= 0]
P[step:= ?]

Figure 4.4: Exampleof the transferfunction for an event e, with the postcondition) obtainedfrom a
preconditionP.
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e Stepshouldbe shortenoughto ensurethatary transitionthatis enabledbeforefiring e is not forced
to fire dueto its upperboundconstraint.

Oncethe clock stephasbeendefined the updatein eventclockscausedy thefiring of anevente can
bedefinedas:

e eventsthataredisabledbeforeandafterfiring e keeptheir clocksunchanged.
e eventsthatareenabledbeforeandafterfiring e have their eventclocksincreasedy theclock step.
e eventsthatbecomesnabledy thefiring of e have their clock setto O.

¢ eventsthatbecomealisabledby thefiring of e have their clock undefined.

Figure4.3describeshealgorithmthatcomputeghetransferfunctionusingcornvex polyhedreoperators.
Figure4.4 shavs anexampleof the computatiorthatwould be performedoy the algorithm.Eventsthatare
enabledbeforeandafter firing evente have beenincreasedy anamountin theintenal [d,, D], i.e. the
unknavn clock step.Also, noticethatsomeconstrainteamongthe symbolicdelaysof differenteventshave
beendiscorered. Theseconstraintsvereimposedvertheclock stepduringthetransferandimpliedseveral
restrictionsonthedelaysthataremadeexplicit whenvariablestepis undefined For example therestriction
D, > d. meanghatevente canbefired only if a is notfasterthane. Otherwise the postconditiorof this
transitionwould be empty i.e. no assignmento clock andsymbolicdelaysis consistentvith thefiring of
theevent. Thisrestrictionis implied by theconstraintglock, + step < Dy, clock.+ step > d., clock, = 0,
clock, = 0.

Theclock transferfunctiondescribedn this sectioncanbe easilymodifiedto dealwith symbolictimed
automatansteadof TTS. Checkinglocationinvariantsandenablingconditionsfor transitionscanbe mod-
eledasaddinglinearconstraintdo thepolyhedronandresettingclockscanbedonewith linearassignments,
bothof which areavailableoperationsn polyhedra Thetransferfunctionfor timedautomatavould bede-
finedas(1) increaseclockshy step,(2) checkthesourcdocationinvariant,(3) checktheenablingcondition
of thetransition,(4) resetclocks,(5) checkthetamgetlocationinvariantand(6) undefinestep.

4.2.5 Verification of safetypropertiesusingtiming analysis

Timing analysisprovidesthe requiredconstraintsor the reachabilityof the statesand transitionsof the
TTS. However, we arelooking for the complementaryonditions,i.e. the conditionsthat renderfailures
unreachable.Therefore,an algorithmis neededon top of timing analysisto extract selectedconstraints
from thoseprovided by abstracinterpretationThis algorithmis presentedn Figure4.5.

Theinputis the specificatiorof a TTS: a setof discretevariablesa transitionrelation,aninitial state,
andthedelaysof eachevent. Additionally, apredicatedescribinghefailurestatesandaninvariantof knovn
delayconstraintsaarealsoprovided. The outputis a setof sufficient constraintshatensurehe absencef
failures.

Thefirst stepis the calculationof the reachablestatespaceusinguntimeddepth-firstreachabilityanal-
ysis. During this stagefailureedgesandstateswill beidentified. Also duringthistraversal,all back-edges
of loopsareidentifiedandnodesarenumberedn quasi-topologicabrder;this orderwill be usedto speed
up convergenceof theabstracinterpretatioranalysis.

Timing analysiscanthenbeperformedonthe TTS. Theresultof this stepwill beapolyhedrorattached
to eachstateandtransitionof the TTS, includingthe edgeghatleadto afailure. The polyhedronattached
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Algorithm  Verification(S, F', I)

Input: A specificatiorof aTTS S, a predicateF’ describingfailure statesandtransitions,
anda predicatel describingknown restrictionson thesymbolicdelays.

Output: A setof constraintoon the symbolicdelaysthatis sufiicient to avoid the failures
definedby F'.

G := Reachability Analysis(S, F);
constraints =1,
do
AbstractInterpretation(G, constraints);
C = setof linearconstraintsequiredto reacha
failurethatarenotimplied by constraints;
choosealinearconstrainic from C;
constraints = constraints A\ —c,
while (ary failureis reachablen constraints # false);
{constraints = false implies  an unavoidable  failure }
return constraints;

Figure4.5: Main algorithmfor verification

to eachof theseedgedlescribesonstraintghatarerequiredto reachafailure. If arny of theseconstraintss
false thefailurewill beunreachablelFor example,if onepolyhedrorhasthe constraints,

(a<b+c)A(e=])
then,the constrainthatmakessurethatthefailureis unreachablés thefollowing disjunction
(a>b+c)V(e<f)

Thealgorithmproceedsy choosingoneof theselinear constraintsat atime andaddingit to theinvariant.
Currently thischoiceis performednteractvely, eventhoughwe have plansto automatehis procedureThe
verificationcontinueauntil all failureshave becomeunreachabler the invariantis false A falseinvariant
means‘cannotfind a constrainthatmakesthe systemcorrect”. It canhappenf the systemhasanunavoid-
ablefailure or thealgorithmcannotfind suficient constraintslueto approximationOn the otherhand,the
algorithmmight returnthe initial invariant,which meanghatno additionalconstraintsarerequiredfor the
correctnessf thesystem.

Approximation in the analysis

The problemof computingthe setof feasibleclock anddelayvaluesis computationallyexpensve. Thisis
thereasonwhy we areusingan approximateanalysistechnigue suchasabstracinterpretationjnsteadof
trying to computeanexactsolution. In the contet of our problem,we calculateanupperapproximatiorof
the statespacahatguaranteeno falsepositivesin the verificationof safetyproperties.

The sourceof approximatiorcomesfrom the union of recorwvergentpaths.In caseof agyclic recowver
gencetheunionis approximatedby the corvex hull. In caseof cyclic recowvergence thewideningoperator
mustalsobe usedto guaranted¢he convergenceof the algorithm. This techniques crucialwhensymbols
areusedto representlelays,asthe numberof iterationsof aloop may dependon the actualdelaysof the
componentsSincethedelaysaresymbolic,this numbemaybe unknavn.
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S3
e, (failure)
Sy
S; ®1 (success)
(b)

Figure4.6: Cyclic behaior to illustratethewideningoperator

Figure4.6 depictstwo cyclic behaiors definedby the backedgess —» s;. Let asassumehateach
evente; hasafixeddelayd(e;). In Fig. 4.6(a),the correctnessf the systemis independentrom the delays
of eo andes. However, the absenceof the widening operatorwould producethe following sequencef
polyhedran si:

| iter. | Time(s;) |
0 | ckey = cCkey =0 A cke, = d(eg) < 0(ea)

1 | ckey, < 0(eg) +d0(eg) < d(e1) A cke, =0 A
cke, = cke, + 0(eg) A ckey, < 6(esq)

i | Ckey <i-0(e2) +1-d(e3) <d(er) A cke, =0 A
cke, = cke, + 0(eg) A ckey, < d(esq)

wherethe predicate
cke, <i-0(e2) +1i-d(e3)

resultsfrom the convex union of the samepredicatewith equalityinsteadof <, for all 0 < k& < 7. With the
wideningoperatorappliedafterthefirst iteration,the polyhedrornrepresentingime(s;) would bereduced
to

cke, < 0(e1) A ckey =0 A cke, = cke, + d(e0) < d(eq)

This polyhedronwould becomeinvariantin the following iterations. After verification, the conditionfor
absencef failurewould bethefollowing:

d(eq) > d(eg) + d(e1)

Figure4.6(b)depictsa situationof a non-conex conditionfor the avoidanceof failures. It is easyto prove
thatthe systemis correctif thefollowing predicateholds:

Ji>0:7-0(e2) + (1 —1)-d(e3) < d(e1) <i-d(e2) +i-d(e3))

Unfortunately the existentialquantifierrepresents disjunctionthat cannotbe expressedisa convex poly-
hedron.In this casethepredicatefor Time(s;) would be:

ckey >0 A ckey < 0(e1) A cke, =0

This abstractiondoesnot shav dependenciebetweensymbolic delays. Therefore,the verification
would not be ableto provide ary setof linear constraintgo avoid the failure, eventhoughthereareval-
uesfor delaysthatmale thecircuit correct.
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oy—)+4(4) > (D) +4(A)
o(@+) +0(B) +0(F) > d(y—)+d(y+) +9(A)
é(z+) > 6(A)+ (D) + d(not)
§(not) + 6(B) + 6(F) > 6(z—)
1 | _ (D) +26(A) > d(y—)+d(A) +(E)
= | = envronment 5(A) > d(not) +6(C)
| | (D) +6(8) > §(4)
L ba+)+6(B) > 8(D)+25(A)
| | o Sy+) > §(E)
LV s ) > 6(B)

Figure4.7: GasPFIFO controller Eachshadedareahasbeenmodeledwith adifferentsymbolicdelay On
theright, thediscoreredtiming constraintshataresuficientto guarante¢hecorrectoperatiorof thecircuit.

4.2.6 Experimental results

In this sectionwe shav someexamplesof asynchronousircuitsthathave beenverifiedusingthe presented
timing analysigechnique.

GasPFIFO controller

We haveformally verifieda GasPFIFO controllerfrom SunMicrosystem$94]. Thiscircuithandlegheflow
of databetweenstagef a pipeline: wheneer the previous stageis FULL andthe next stageis EMPTY,
the control circuit (a) producesa pulseto the datalatch in orderto make it transparent(b) declareshat
the next stageis FULL and(c) declareghatthe previous stageis EMPTY. The stateof a stageis encoded
in a singlewire, whereEMPTY (FULL) is encodedasHI (LO). Figure 4.7 shavs the controllerof one
stageof a pipeline. The ervironmentof this controllercorrespondso the previous andnext stagesf the
pipeline. Noticethatwire le correspondso thewire re in the previous stageof the pipeline. The behaior
of the ervironmentis modeledwith SignalTransitionGraphs(STG)[30]. Environmenteventssuchasz+
or y— describeherising or falling of signalsandits delaymodelsthetime requiredto fire aneventsinceit
become®nabledn the STG.

This asynchronousontrolleris designedo achieve a very high throughput,so it dependsn timing
constraintdor its correctoperation.In [70], this circuit is verified andsuficient relative timing constraints
to ensurecorrectnesarederived. However, it is hardto translateelative timing constraintsnto constraints
onthedelaysof the componentsf the circuit.

The correctnessf the circuit hasbeenverified with respecto threecriteria: absencef short-circuits
absencef hazads i.e. onceaneventbecome®nabledit doesnot becomedisabledbeforebeingfired; and
conformancei.e. all outputeventsproduceddy the circuit areexpectedby the ervironment. Thesecriteria
canbesatisfiedwith thetiming constraintghatappeain Figure4.7.

Asynchronouspipeline

We have alsoverifiedanasynchronoupipelinewith differentnumberof stagesandanervironmentrunning
atafixedfrequeng. Theprocessindgime requiredoy eachstagehasdifferentmin andmaxsymbolicdelays.
Thesafetypropertybeingverifiedin this casewas“the environmentwill never haveto wait befoe sending
new datato thepipeline”. Figure4.8shavsthepipeline,with anexampleof acorrectandincorrectoehaior.
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IN req req req ouT # of TTS # of CPUTime

( a) — E——

ack ack ack stages|| States| Trans| symbols|| (seconds)
2 36 | 88 8 0.6
» @~ ® ® o - 3 108 | 312 | 10 2
Z 324 | 1080 | 12 135
© @4 @ o — [ 5 | 972 | 3672| 14 259.2

Figure4.8: (a) Asynchronougpipelinewith N=4 stages(b) correctbehaior of thepipelineand(c) incorrect
behaior. Dots representataelements. On the right, the CPU times requiredto verify pipelineswith
differentnumberof stages.

Thetool discoveredthatcorrectbehaior canbeensuredf thefollowing holds:
din >Di1A...Ndiy > Dy ANdiny > Dour

whereD; isthedelayof stage;, andd;y andD oy referto ervironmentdelays.This propertyis equivalent
to:

d]N > maa;(Dl, ... ,DN,DOUT)

Therefore the pipelineis correctif the environmentis slower thanthe sloveststageof the pipeline. CPU
time for the differentlengthsof pipelinecanbefoundin Figure4.8.

Other examples

We have alsoverifiedasetof asynchronousircuitsavailablein theliterature definedasa network of simple
gatesplusa STG modelingthe behaior of the ervironment.In thesecircuits, correctnestasbeendefined
asabsencef hazads andconformancewith the STG. Table4.1 shaws the size of the circuits, STGsand
thecomputedl TSs, thenumberof symbolicdelaysthenumberof constraintsequiredfor correctnessand
the CPUtime usedfor theverification.

Figure4.9 shavs an exampleof non-speedndependenasynchronousircuit. Gatedelayshave been
dividedin thefollowing cateyories: OR-gateg([d, A]), 2-inputAND gates|\, A]), 2-inputAND gateswith
an inverter (jw, 2]), 3-input AND gateswith an inverter ([, £]) and ervironmentevents ([«,II]). The
restrictionson symbolicdelayscomputedby ourtool to ensurecorrectbehaior are:

E<o+rm+)NA<o+7+0)

4.2.7 Conclusionsand futur e work

An algorithmfor symbolictiming analysisof concurrentsystemshasbeenpresented.The outputof the
algorithmis a conserative approximationof the valuesof clocks and symbolic delaysin the reachable
statesof the system.An applicationhasbeenshavn by computingthe constraintsof gateandinput delays
in anasynchronousircuit thatguaranteeorrectbehaior. Remarkablythe approachworksfor morethan
15 symbolicdelayswithin areasonabléme.

Thetechniquds well suitedfor analyzingsmall-sizedimed circuits suchasasynchronousontrollers.
Thesecircuits often operateat very high throughputsandthey heavily rely on stringenttiming constraints
to ensurea correctbehaior. However, morecomple circuits canalsobe verifiedif (a) they areanalyzed
atahigherlevel of abstractioror (b) someof the delaysaredefinedasconstantelaysinsteadof symbols.
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Figure4.9: (a) Timedcircuit for thenowick example,(b) STGmodelingthe behaior of theenvironment,
and(c) exampleof a hazardraceavoidedby the discoreredconstraintson symbolicdelays.

Table4.1: Experimentatesults

Example Circuit STG TTS # of # of CPUTime

Signals| Gates| Places| Trans| States| Trans| symbols| constraints|| (seconds)
nowick 10 7 19 14 60 119 10 2 0.5
gasp-fifo 9 7 10 8 66 209 12 10 8.1
stkuf-read-ctl 13 10 19 16 74 157 14 4 1.2
rcv-setup 9 6 14 15 72 187 12 8 2.1
alloc-outbound 15 11 21 22 82 161 19 3 1.3
ebegen 11 9 16 14 83 188 13 5 1.3
mp-forward-pkt 13 10 24 16 194 574 12 6 1.9
chul33 12 9 17 14 288 | 1082 7 3 1.3
corverta 14 12 16 14 396 | 1341 14 13 204
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Futurework will try to broaderthe areaof applicationof this techniquejn orderto handlebiggercircuits
with moresymbolicdelays.We planto userepresentationsasecn Binary DecisionDiagramgo represent
setsof statesandtiming constraintsymbolically

4.3 Schedulingof Concurrent Systems

4.3.1 Intr oduction

Embeddedsystemsaredriving researcHrom the electroniccommunitydueto their widespreadise. The
designof embeddedlevicesrequiresa multidisciplinarknowledgeof software and hardware systems. It
alsorequiresa preciseknowledgeof how the systeminteractswith the environment.

Theimplementatiorof embeddedystemss generallya softwarecomponentunningon top of a hard-
warearchitecturghat might include several CPUs,DSPs,co-processorsandsoon. The synthesiof this
software-hardware mixedimplementatiordefineghreeproblems:(a) amappingfrom element®f thespec-
ificationto hardwareandsoftwarecomponentg(b) anallocationof softwarecomponentso hardwarecom-
putationunits(e.g. CPUs)of theembeddeadystemand(c) ascedulingof the softwarecomponentin each
of the hardware computationunits. Technologymappingandallocationare dependenbn seseral factors,
including costand technologyconstraints. However, the remainingschedulingproblemallows a formal
approachasit is only dependentn the constraintgictatedby the ervironment.

In thecaseof reactve systemstheschedulingoroblemis subjecto timing constraint®ntherespons¢o
theinputsfrom the ervironment.Minimizing run-timeof theinput processingif possible andminimizing
idle CPUtime will the mainconcernof the schedulingalgorithm. The formeris a matterof choosingthe
bestalgorithmandusinganoptimizingcompiler But thelattercanbeimprovedby reducingthe CPUtime
spentby the operatingsystem.

Onepossibleschedulingapproacttouldbedynamicscheduling we generat@neprocesdor eachfunc-
tional processn our specification]etting the operatingsystemdecidewhich processshouldbe executedat
run-time. The problemwith dynamicschedulingis that task context switching causesa run-time over-
head,which canbe unacceptablén someervironments. Therefore althoughdynamicschedulings used
widespreadn interactie systemsit is notappropiatdor reactve systems.

Static schedulingtechniquedry to make mostdecisionsaboutexecutionorderat compile-time,thus
reducingthetime consumedy the operatingsystemduring run-time. Thesealgorithmsrequirethatsome
informationabouttherateof arrivals of inputsfrom the ervironmentis known at compile-time.Eventhen,
completelystaticscheduleareonly possibldf werestrictoursehesto specificationsvithoutdata-dependent
choices Real-timeembeddedystemswhereafailureto satisfya deadlinecanleadto a serioudailure,can
copewith this restrictions. But genericembeddedystemswyould be very limited without data-dependent
constructsThe problemof finding partialschedulesn a concurrensystemwith datadependentonstructs
ensuringhattherewill notbebuffer overflow is knowvn asQuasiStaticSdeduling(QSS).

However, the QSSalgorithmdoesnot analyzedatavalues,andwhene&er a data-dependergonstruct
is found, it is assumedaonservativelythatary branchof the choicecould be taken. This decisionforces
the algorithmto explore all executionbranchesgven thosefalse pathswhich areunreachablén practice.
Consideringalsepathsduringthe synthesisncreasegonsiderablythe compleity of the QSSalgorithm.

Severalapproachebave beenpresentedn orderto dealwith this false pathproblem In [11], a semi-
automatictechniqueto dealwith this problemis presentedwhich requiressomeinteractionfrom the de-
signer In [93], anextensionof the QS Salgorithmthatcandealwith amoregeneraktlassof specificationss
presentedHowever, the synthesizedodeis multithreadedsothat partof theschedulingaskis performed
at run-time. However, both approachesail to dealwith the problemboth automaticallyand at compile-
time This sectionpresentdriefly the QSSalgorithmandour contritution, an automatictechniquefor the
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TSENSOR |;|

HSENSOR |;|

PROCESS TEMP-FILTER

float sample, last;
last = 0;
while(1) {
READ(TSENSOR, sample, 1);

PROCESS HUMIDITY-FILTER

float h, max;

while(1) {
READ(HSENSOR,h,1);
if (h > MAX) {

if (sample-last > DIF) {
WRITE(TDATA, sample, 1);
last = sample; }

}
}

PROCESS CONTROLLER
float tdata, hdata;
while(1) {
SELECT(TDATA,HDATA) {
case TDATA: READ(TDATA tdata,1);
IF (tdata > TFIRE) WRITE(ALARM-0n,10,1);
IF (tdata > TMAX) WRITE(AC-on,tdata-MAX,1);
case HDATA: READ(HDATA hdata,1);
IF (hdata > HMAX) WRITE(DRYER-o0n,5, 1);

oy '
AC-on E E DRYER-on EALARM—on

Figure4.10: Systemspecificatiorexample:environmentalcontroller

) WRITE(HDATA h,1);

B

compile-timeeliminationof falsepathsthatis basecdbn abstracinterpretation.

4.3.2 Quasi-StaticScheduling
A motivating example

Figure4.10shavs an exampleof embeddedystemthat controlsthe ervironmentalconditionsin a room
of alibrary. The booksin the room canbe damageddy a high humidity or a quick rise in temperature.
Two sensorsn the systemmonitor the temperatureand humidity in the room; the systemcan reactby
activatingair conditioningor adryer. Finally, if thetemperaturdecomedoo high, the systemassumeshat
thereis a fire andraisesan alarm. The systemis divided in threeprocessesTwo processespamelythe
TEMP-FILTER andHUMIDITY-FILTER |, filter thereadingsdrom the sensorghatarenotrelevantto the
systemsuchaslow humidity or smallchangdn temperatureA third processthe CONTROLLERhooses
the correctreactionto the currentconditionof the system.The communicatioramongthe threeprocesses
is performedusingtwo internalports, TDATAandHDATA

The systemis describedusinga languagecalled FlowC. FlowC is basicallya C languageaugmented
with communicatiorand synchronizatiorconstructs. The constructgelatedwith communicatiorspecify
the port wherethe informationis read/written,the valuesreador written in theseports andthe number
of elementseador written: READ(port, item, nitems) andWRITE(port, item, nitems)
Communicatiorhasblockingsemanticandit usesa FIFO policy. Thethird agumentof READandWRITE
allows multi-rate communicatioramongprocesses.Several READ(WRITE constructscan usedifferent
valuesfor nitems aslong asthevalueis a constanknown at compile-time.Synchronizatiorns provided
by meansf a SELECTconstructthatis usedwhenthe systemis waiting for aninputin a setof ports.The
semanticgs thatwhenthereis aninputin a portor portsof the set, SELECTnondeterministicallychooses
oneof theseavailableinputports.
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A classicaimplementatiorwould requirethreeprocesseandan operatingsystemthatschedulesheir
executionat run-time. We will analyzethe resultsobtainedfrom QSSandcomparehemwith this imple-
mentation.

TheQSSalgorithmwill generata taskfor eachinput from theenvironment,i.e. therewill be onetask
to processatemperaturénput andanotheroneto processa humidity input. Thesetaskswill be generated
in threesteps.First, a PetriNet modelof the systemwill be built from the FlowC specification.Then,the
PetriNetwill beanalyzedo find a setof run-timescheduleshatcover therun-timebehaior of thesystem.
Finally, we will generateodefor theseschedules.

Figure4.11(a)shaws the PetriNet generatedby QSSfrom the environmentalcontrollerexample. The
codegeneratedor the tasksin the systemis displayedin 4.11(b). Thereis taskfor initialization, but it
is nggligible asit only hasto be performedonceat start-up. It is importantto notice that, even though
therearethreeprocessem the original specificationthereareonly two tasksin the resultof QSS,onefor
eachinput. The intuition for this is that eachtask performsthe maximumamountof processingor the
availableinput; althoughthis sometimesmplies a codereplicationamongtasks,it reduceshe amountof
intertaskcommunicationpecauséwo taskswon't communicateinlesswo inputsarerequiredto perform
acomputation.

The main adwantageof a task-basedmplementatiorversusa process-baseithplementatioris the re-
ductionof theinterventionof the operatingsystem A task-baseimplementatiorcanuseaninterruptbased
mechanisnto wake up taskswhenthe systemreceves an input, which is much fasterthanthe context
switchingrequiredby a schedulingalgorithm. The consequencis moretime devotedto the executionof
the systemcodeandlesstime executingcodefrom the operatingsystem.

Figure4.12 compareghe process-baseandtask-basedmplementations Taskbasedmplementation
requiredessinteractionwith the operatingsystembpecaus®f two reasonsThefirst oneis thatscheduling
is notrequired.Thesecondneis thatprocessesequiremoreinternalcommunicationio completethetask.
Both factorsjustify our claimsthatatask-baseimplementatiorprovidesa muchbetterperformancehana

Q=
5o Ses [m

last = 0;

‘ READ(TSENSOR,sampIe,l);‘ READ(HSENSOR.h 1); }

|sample-last| ¢ Hsensor() {
false h>
> DIF ? false READ(HSENSOR, h, 1);
MAX? i (h > MAX)

)

true ¢ true if (h > HMAX)
WRITE(TDATA,sample,1); | | - WRITE(DRYER-o0nN, 5, 1);
last = sample; WRITE(HDATA,h,1); }

Tsensor() {

rowrn ) /@

'

QH DATA
N T

| READ(TDATA tdata,1); |

| READ(HDATA hdata, 1);

Q tdata
>TFIRE?

true

false hdata
>HMAX?

true ¢

‘ WRITE(ALARM-0n,10,1); ‘

WRITE(DRYER-0N,5,1);

tdata >

—»| WRITE(AC-on,tdata-TMAX,1) |
true

TMAX?

(@)

READ(TSENSOR, sample, 1);
if (sample - last > DIF) {
last = sample;
if (sample > TFIRE) {
WRITE(ALARM-on, 10, 1);
} else if (sample > TMAX)
WRITE(AC-on, 5, 1);
}
}

(b)

Figure4.11:(a) Flow C specification(b) Event-driventasksaftercodegeneration
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Figure4.12: Comparisorof task-baseimplementatiorversusprocess-basddplementation.

process-baseichplementation.

Benefitsand problemsof the QSSapproach

The QSSalgorithm provides a mechanisnto synthesizea task-basedmplementatiorfrom a concurrent
specification.This implementatiorprovidesa betterperformancdhana task-basedmplementatiordueto
threefactors:

Reductionof the interventionof the operatingsystemduring run-time. In particular the costof run-
time schedulingis reducedgreatly astask context switchingis not usedif all tasksusethe same
memoryspaceandaninterrupt-basednedanismis usedto wake up thetasks

Reductiorof thememoryrequirement$or our system.Communicatiorbuffersuseup memoryspace,
andthey arerequiredfor interprocesscommunication. A task-basedmplementationmplies less
communicationnsidethe systemsosereral of thesebufferscanberemored. Writing/readingfrom a
buffer canbereplacedy writing/readingfrom ascalar For example,in Figure4.11channelHHDATA
andTDATAhave beenreplacedy scalarvariables.

Improved chance®f a goodcodeoptimization. As QSSreplicatessomecodein severaltasks,each
task containsall the coderelatedto the responsdo a particularinput. Therefore the compilerhas
new opportunitieso performcodeoptimizationson the tasks,that were not available beforedueto
the separatiorof processesMoreover, replacinginterprocessommunicatiorby scalarreads/writes
malkestheresultingcodevery adequatdor data-flav analysisand optimization. Simpletechniques
like copypropagation anddead-codelimination[1] cannoticeablyimprove the performanceof the
codeof thetasks.

Therearetwo mainproblemswith the QSSapproach.

Replicationof codeamongdifferenttasks. This wasconsidereda benefit,asit enabledfurther op-
timizations. However, it alsohasits dravback: the size of the codeincreasesnd thereforemore
memoryis neededo storethe codefor the system.This problemis notsorelevant,astime usuallyis
muchmorecritical thanmemoryandreductionin memoryusageby eliminatingbuffersmakesup for
thisincrease.

Non-schedulabilityof somesystems. The QSSproblemhasbeenproven to be undecidable.Our
method copeswith undecidabilityby acceptingfailuresto generatescheduledor somesystems;
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Figure4.13: (a) PetriNetto be scheduled(b) falsepathin the PN.

schedulingthesesystemanight be possibleby taking into accountadditionalinformationthat ren-
dersthe problemundecidable.Finding a mechanisnto schedulethesesystemss a very relevant
issue.

4.3.3 Falsepath detection

Whenthe QSSalgorithmis building the schedulesthe datavaluesare abstractedrom the PetriNet, and
data-dependemhoicesareabstracte@snondeterministicchoices When&er oneof thesedata-dependent
choicesis reachedthe QSSalgorithm proceedssafely it considersthat any of the pathsof the non-
deterministicchoicecould be taken. However, someof theseexecutionpathswill not appearat run-time
becausef the datavaluesof the variables. Theseexecutionpathsthat are consideredoy QSS(because
datainformationis abstractedput are unfeasibleat run-timeare calledfalsepaths Figure4.13shavs an
exampleof falsepathin a PN scheduleThefalsepathis acorrectsequencef firings of enabledransitions,
but transitiontf  will never befired atrun-timebecauséheconditionj>2 will neverbetrueatthis pointof
theexecution.

Falsepathscandecreas¢hequality of theschedulgyeneratedor aPN or, evenworse canmake thePetri
Netnon-schedulablédowever, modelingdata-dependeichoiceswith theinformationof datavalueswould
renderthe problemundecidableasit happensvith BooleanDataflav [24]. As an exactanalysisis out of
the question the automatiorof this procedurecanonly be achieved throughapproximation.The proposed
solutionfor automaticfalsepathdetectionrelieson thetheoryof abstracinterpretation Abstractinterpre-
tation offers a generalframenork for the staticanalysisof systemsthatcanbe usedto approximatehe set
run-timevaluesof the variablesof a program.Oncethe setof valid valuesof datais computedthis infor-
mationcanbe appliedto prunefalsepathseachtime thatthe synthesisalgorithmreaches data-dependent
constructikeif orfor . Fromthetheoryof abstracinterpretationwe know thatthe approximationswill
bea safeoverapproximation Therefore gventhougha falsepathmay not be discardeda pathwill only be
discardedf it is indeeda falsepath.

We have implementedan abstractinterpreterthat performsfalse path analysison guardedtransition
systemghat representhe reachablenarkingsof the Petri Net. This abstractinterpreterusesthe convex
polyhedraabstractiorto computethe setof possiblevaluesof data. The valuesof dataareusedto prune
falsepathsfrom the executionpathsthat canbe taken, effectively simplifying the reachablenarkingsfor
the QSSsynthesisalgorithm.

Figure4.14shavs anexampleof avery simplesystemwherefalsepatheliminationhasbeenperformed.
The systemis composedf two processesivhereprocessl sendsdatato proces througha FIFO D, and
process2 simply accumulateshe datarecieved throughthe FIFO. The two processegan be translated
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Figure4.14: An exampleof automaticfalsepathelimination: (a) Original specificatiorof the system(b)
Petri-Netmodelingthe specification(c) Reachablenarkingsof the Petri-Net,wherethe grayedmarkings
arefalsepathsfoundautomaticallyby the abstracinterpreter
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into the PetriNet (b). At this point, reachabilityanalysiscombinedwith abstractnterpretationyieldsthe
reachabilitygraphin (c). Several markingshave beendetectecasnon-reachabl&ithout ary kind of user
interaction. Notice that the abstractinterpreterhasdiscorered several non-trivial propertiesthat did not
appeaiin theoriginal program e.g.the proces cannotterminateuntil the FIFO is empty

4.3.4 Conclusionsand futur e work

A techniquefor the eliminationof falsepathshasbeenpresented Remarkablythe approactcanbe fully
automatedand performsthe necessaryanalysisat compile-time. This techniquecan be usedto improve
the applicability of QSSto larger exampleswith data-flav dependentonstructs. Experimentswith the
prototypeimplementationdemonstratehe suitability of abstractinterpretationfor this kind of problem.
Furtherexperimentswith real-world examplesarerequiredin orderto prove theefficiengy of thistechnique
in largersystems.

Furtherresearchn this areawill targetotherabstracinterpretatioranalysisthatcanbe very usefulfor
thesynthesizedode,suchasverificationof the synthesizedodeor performancestimation.

4.4 Publications
Thework discussedh thisdocumenhasbeenpresentedh thefollowing scientificpublications:

e RobertClarish, JordiCortadellaAlex Kondraty®, LucianoLavagno,ClaudioPasseronandYosinori
WatanabeSynthesiof Embeddedoftwarefor Reactve Systemsin 2ndInternational\brkshopon
Integration of Specificatioecniquesfor Applicationsin Engineering(INT'2002, SatelliteEventof
ETAPS2002) page2—20,April 2002.

e RobertClarih andJordi Cortadella. Symbolictiming analysisfor the verificationof asynchronous
circuits. In 3rd Workshopof the Working Group on Asyn@ironousCircuit Design(ACID-WG'2003)
Januan2003.

¢ RobertClarisb andJordi Cortadella. Verificationof Timed Circuits with SymbolicDelays. In 12th
InternationalWborkshopon Logic and SynthesigIWLS’2003) May 2003.

e RobertClarish andJordiCortadella Verificationof Timed Circuitswith SymbolicDelays.Submitted
to IEEE/ACM InternationalConfeenceon ComputerAidedDesign(ICCAD’2003) November2003.
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Chapter 5

Futur e work of the thesis

5.1 Remainingtasks

Chapter3 presentedhe goalsof the thesisand Chapter4 haspresentedhe resultsthathave alreadybeen
obtained.Theremainingwork consistdasicallyonfindingtheory efficienttechniquesandor datastructures
thatimprovesthe efficiency andscalabilityof abstracinterpretatioranalysis.

Althoughthe exact solutionsto be proposedarestill beingresearchedahe following is alist of topics
aregoingto beexplored. Thislist shouldnot be consideredsthe precisdist of contentsf thethesis.The
researctof thethesiswill try to cover asignificantpartof theseopenproblems.

1. Timing analysisof systemswith symbolicdelays

(a) Studythe extensibility of the proposedesultsto formalismslike Timed Automataor Hybrid
Systems.

2. Synthesiof embeddedoftware
(a) Implementthe proposedanalysisalgorithminto the Quasi-StaticSchedulingframewvork and
evaluateits efficiengy with real-world exampledike anMPEG-2decodef11].
(b) Studythe extensibility of the proposedanalysisto provide performancestimationof the gen-
eratedcode.
3. Studyof new abstraction®f numericvalues
(a) Studyadatastructurefor the representatioof linear constraintsvith coeficients{—1,0,+1}
to beusedn timing analysis An initial proposabf sucharepresentatiohasalreadybeenmade.
(b) Implementatiorthe previousdatastructureusingBinary DecisionDiagrams.

(c) Evaluatethe efficiency of this abstractiorcomparedo lessexpressie representationgsuchas
DifferenceBoundMatrices,andmoreexpressie representationsuchasconvex polyhedraand
Preslirgerarithmetics.

(d) Studyotherimplementation®asedndecisiondiagramtechniquesln particular studynumeri-
calrepresentationsuchasNDDs or DDDs andtheir suitability to represenhumericconstraints.

4. Efficient stratgjiesfor solvingsystem®f equations
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(a) Characterizepropertiesof systemshat permit more efficient solving stratgies. For example,
agy/clic systemsanbe analyzednuchmoreefficiently thanothersystems.The goalwould be
finding othernon-triial properties.

(b) Studyhow to divide the solutionof the systemof equationsnto smallersubproblemsvhose
solutionscanbe combined. As an example,study how the resultsof the analysisof a system
arerelatedto thosethatcanbe obtainedby analyzingthe underlyingspanningreesor directed
agyclic graphs.

(c) Analyzethepaperof thewideningoperatolin abstracinterpretatioranalysisandthepossibility
of alternatve implementationsr

5. Decidibility andcomplity aspects

(a) Studythedecidibility andcompleity of the problem“checkalLTL formulain arestrictedclass
of TTS with symbolicdelays”. This problemrequiresexacttiming analysisof TTS withoutary
kind of approximationij.e. without usingthe wideningoperatoror the corvex hull”.

6. Compositionahndhierarchicabbstracinterpretation

(a) Studythehierarchicahnalysisof complex systemshataredividedin modulesvhosecommuni-
cationis delay-insensitie. Reachabilityanalysisof thewhole systemcouldbe performedusing
symbolictechnigueswhile localanalysisof eachof the componentsvould be performedby the
classicabstracinterpretatioralgorithm.

(b) Studythecompositiorof theresultsof abstracinterpretation Givenasetof componentsyhich
have alreadybeenanalyzedstudyhow the analysisresultsof onecomponentanbe appliedto
thewholesystem.

7. Applicability of symbolictechniques
(a) Studyhow to usesymbolictechniquesn the reachabilityanalysisperformedbeforeapplying

abstracinterpretation.

(b) Studyhow to implementthe abstractinterpretationanalysissymbolically using, for example,
theabstractiorproposedn 2(b). This techniquewvould combinewith the symbolicreachability
analysisn 5(a)to allow afully symbolicabstracinterpretatioranalysis.

(c) Evaluatethe performancef symbolictechniquesppliedto abstracinterpretation.

5.2 Working plan

It is expectedthat the tasksrelatedto the thesiswork will be completedin two years. However, this is
just a broadestimation. The durationof the thesisdependson the resultsthatwill be obtainedduringthe
evaluationof the proposedechniquesMost approachei the areaof verificationhave very badworstcase
compleity, but thenarewidely useddueto very goodaveragecasecompleity. Someof thetechniqueshat
aregoingto be studiedfall into this catayory, soits relevancedepend®n the efficiengy thatthey exhibit in
practicalexamples.

The plannedscheduldor thethesisis asfollows. Eachof the areagpresentedn the previous sections

will be studiedfor a periodof threemonths. In thoseareasa setof relevant problemshasalreadybeen
identified. Dependingon theresultsobtainedn theseproblemspr new openproblemsghatmightarise the
periodof time for eachof theseareaswill be modified. Thelastsix monthswill be dedicatedo writing the
thesis.
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In this working plan, we have consideredhe work alreadydone. During theseinitial years,thetheory
andapplicationof abstracinterpretatiorhave beenstudiedin depth.Severalexampleshatcanbeusedas
benchmarkgor nen analysishave alsobeenidentified. Finally, a genericlibrary for abstracinterpretation
analysishasbeendeveloped.Any futureimplementatiorof new analysisechniquewill beacceleratedtyy
the useof thislibrary.
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