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Preface

The objective of the Nordic Workshop on Programming Theory is to bring
together researders from (but not limited to) the Nordic and Baltic courntries
interested in programming theory, in order to improve mutual cortacts and
cooperation.

The 16th Nordic Workshop on Programming Theory took place at the Uppsala
University, Sweden, 6-8 October 2004. The previous workshops were held in
Uppsala (1989 and 1999), Aalborg (1990), Gothenburg (1991 and 1995), Bergen
(1992 and 2000), Turku (1993, 1998, and 2003), Aarhus (1994), Oslo (1996),
Tallinn (1997 and 2002), and in Lyngby (2001).

There were 39 regular presenations at the workshop, arranged in two paral-
lel sessions.In addition the following "v e invited speakers gave presenations
in plenary sessions: Erik Hagersten (Uppsala Univ., Sweden), Neil D. Jones
(CopenhagenUniv., Denmark), Kim G. Larsen (Aalb org Univ., Denmark), P.S.
Thiagarajan (National University of Singapore), and Michael Williams (Erics-
son, Sweden).
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The size-bhangeapproab to
programterminationanalysis

Neil D. Jones

DIKU, University of Copenhagen

Abstract

The \size-changetermination” principle for alanguagewith well-found-
eddata is: a program terminates on all inputs if every in nite call sequence
(following program control °ow) would causean in'nite descert in some
data values. Although conceptually simple, many programs terminate for
this reason,including programs with mutual recursion and with parameter
swapping.

Size-thange analysis is basedonly on local approximations to parame-
ter size changesderivable from program syntax. The condition on tracing
data °ow along in nite call sequencedurns out to be decidable, and not
dizcult to automate. There is no need for human invertion, e.g., of lexi-
cographic or similar orders on data and functions.

First developed for rst-order functional programs (POPL'01), the
method has since been extended to ensure termination of a partial eval-
uator (GCSE/SAIG'02), and the untyped lambda-calculus (RTA'04 with
N. Bohr). Current work with D. Sereni analysesthe termination of pro-
grams in a substantial subset of ML.



Memory UsageEstimation for Java Cards

GerardoSchneider

IRISA/CNRS,Campugie BeaulieuF-35042RennesFrance
gerardo@irisa.fr

1 Intr oduction

Embeddedystemsi.e. special-purposeomputesystemsuilt into largerdevices,arewidespread
andcanbe foundin simplegadgetdike coffee machinesandin morecomple oneslike mobile
phonesandsmartcards Programmablemartcardsaresmallpersonatievicesprovidedwith ami-
croprocessocapableof manipulatingcon dential data,allowing theownerof thecardto have se-
cureaccesgo choserapplicationsApplications,calledapplets canbe downloadedandexecuted
in thesesmall communicatinglevices,raisingmajor securityissuesindeed without appropriate
securitymeasuresa maliciousappletcouldbeinstalledin smartcardsdestrging data,disclosing
privateinformationover the network or performingnon-authorisedreditcardtransactions.

The massie useof suchsmallcommunicatinglevicesis imminent.Hence |t is essentiathat
their platforms,aswell asthe appletsthatwill run on them,canprovide someminimal security
guaranteén orderto presere con dentiality, integrity andavailability of information.To guaran-
teeavailability of the servicesofferedby smalldevicesthe managemerdéndcontrol of resources
(e.g.memory)is acrucialissue mainly dueto their limitation on size.

Concerningnemorymanagementn Java smartcards we quoteChen:’"Becausanemoryin a
smartcardis very scarceneitherpersistentor transientobjectsshouldbe createdwilly-nilly” [3,
Section4.4]. Chapterl3 of the samebook providesprogrammingips on how to optimiseapplet
creationconsideringthe memorylimitations. Here are someof the recommendationfr applet
programmerselatedto ourwork: "Y ou shouldalsolimit nestednethodinvocationswhich could
easilyleadto stackover ow. In particular appletsshouldnot userecursve calls’ ([3, Section
13.3]). Later, on Section13.4,it says:"An appletshouldalways checkthatan objectis created
only once”. Eventhoughthe abore tips arefollowed by industrywhenprogrammingappletsand
arein generalrespectedmistalesregardingmemoryusage-like the creationof an objectinside
a loop—both accidentallyor intentionally may have non-desirableconsequencedn fact, there
is nothingin the standardsvhich preventsa(n) (intentionally) badly written appletto allocateall
persistenmemoryon a card.Hence the detectionof recursve methodsandloopsin byte codes
for embeddedystemgsmartcardsin particular)is a crucialissueto take into account.

As far aswe are awarethereis no available tool for detectingthe dynamiccreationof ob-
jectsinside cycles and/orrecursve functionsfor Java smartcards.The byte codeveri er [4],
for instance doesnot verify propertiesrelatedto memoryusage.Thereare,undoubtedlymary
ways of writing algorithmsfor detectingsyntacticloops, mutually recursve methodsand over-
approximatinghe dynamicmemoryusedfor anassemblelike languageln this work, however,
we proposea constraint-basedlgorithm,presentedsa setof rules—onefor eachinstruction—for
solvingthe abore-mentionednemory-relatedoncernsThe formalismchosenvasnot governed
by mereaesthetigeasonsit is compositionabkndit allows to obtaina certi ed analysewusingthe
program-as-progbaradigm(i.e., following the Curry-Hawvardisomorphism}o extracta program
directly from the proof of its correctnessOne featureof our algorithmis thatit works directly

Partially supportedby the RNTL Frenchproject, CASTLES (Conceptiond'AnalysesStatiqueset de Testspour le
Logiciel Embarnué Scuris).



on the byte codeandthereis no needto build extra datastructurege.g.,a control- ow graph).
Moreover, thebyte codeconsidereds arbitrary i.e. we do nothave any assumptiormboutthe byte
codebeingproducedy a”good” compiler Ourapproachncludeshothintra- andinterprocedural
analysis Furthermorethe formalismusedis compatiblewith existing works doneat IRISA [2],
which will allow to reusethe constraintsolwver, the x-point algorithmand someof the lattice
libraries”implemented”in Coq[7].

The languagebeing considereds JCVMLe [8], a byte codelanguagethat modelsthe Java
Card Virtual Machine Languagelt manipulategdynamic)objectsand arraysand besidesthe
usualstackandregisteroperationst comprisesnterestingreaturedik e virtual methodcalls, (mu-
tually) recursie methods(un)conditionajumpsandsubroutinesWe assumehereis no garbage
collector whichis thecasefor Java Carduptoversion2.1. Startingwith Java Card2.2themachine
includesa garbagecollectorwhich may be activatedinvoking an API function at the endof the
executionof theapplet,not duringexecution.

Ourtechniqudies within the scopeof staticanalysig6], which analysesomerun-timeprop-
ertiesof a programwithout executingit. Theimplementatiorof staticanalysisis generallybased
onthesolutionof constraintghroughthe computatiorof x-points.

2 A constraint-basedalgorithm

Givenaprogram , we associate setof constraintgo eachprograminstruction(applyingrules
like the onesshavn in Fig. 1). Essentiallyour algorithmaddprogrampoints to acertain
context for eachinstruction , if it is notin aloop nor in a mutually recursve
methodIf suchinstructionis insidea cycle and/ora (mutually)recursie methodthen
isaddedo instead.

Theleastsolutionto the setof constraintsassociatedo  is obtainedby computingthe least
x-point of a certainfunctional arisingfrom suchset.By a corollary of Tarski's Fixed Point
theoremthe solutionmaybe obtainedasthelimit of thestabilisingsequence

Becausef lack of spacewe only presentn this abstracsomeof the rulesof our main algo-
rithm andwe explain only the rst rule (seeFig. 1). If the currentinstructionat programcounter

in method is , andtheinstructionis insidealoop (detectedy thepredicate )ora
(mutually)recursve method(predicate ) thentherule propagatethewarningtype
to . Thus,at programpoint ,  will containatleasteverythingit hadat
, plus . Thecontentof is thus”propagated’by the constraintsaassociatedo
eachinstruction,asde ned by eachrule. The rulesfor andsubroutinecalls are
similarto the ; for ary otherinstruction, .
We have de ned, in a similar way, rulesfor computingthe predicate —which detects

intra-proceduratycles andinstructionsreachabldrom suchcycles throughmethodcalls—and

, which computesall the mutually recursve methods.In fact, the technicaldif culties are
mainly presentedéh thecomputatiorof thesdasttwo predicatesln particular detectingoopsin a
byte codeprogramis moredif cult thanin ahigh-level languagdike Java, mainly dueto thelack
of structure allowing jumpsfrom (andto) themiddleof acycle.

3 Final Discussion
Besideghe advantagesnentionedn theintroduction,the modularityof our algorithmallows the
analyseritself, aswell asthe predicates and , to be reusedby other constraint-based

analyseraspredicategprogramsywhich have beenprovedcorrect.
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Fig. 1. Rulesof themainalgorithm

Curr ent Work. We have provedtheterminationof the mainalgorithmandof thetwo predicates
and . To prove termination,we have de ned ( nite) latticesde ned onthe rangeof the
programcounternumbersand methodnamesWe are currentlyworking on a hand-writtenproof
of soundneswv.r.t. to anabstractiorof the operationakemantics.
Futur e Work. Our approachallows therulesto befed into the proofassistan€Coq[1]. Weintend
to prove the correctnessf our algorithmin the constructe logic of Cogandto useits extraction
mechanisnio automaticallyobtaina certi ed analyserBesidedts applicationon smartcardswe
believe we canapply our analysetto mobile phonetechnologywherethe detectionof loopsand
recursve methodsn appletsis crucial, to avoid for instancethe saturationof communicatiorby
sendingSMS' indiscriminately
RelatedWork. Ourapproachs inspiredby thework in [2] wherethetechniquesketchedherehas
beenappliedwith succesdor extractinga data o w analyseffor Java cardbyte codeprograms.
Eventhoughthe motivationsandthetechniquesrenot thesameijt is worth mentioningthework
donein theMobile Resourcé&suaranteeproject[5], which appliesdeasfrom proof-carryingcode
for solvingthe problemof resourcecerti cation for mobile code,
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STAGE-PRE SERVING EMBE DDINGS OF LANGUA GES

TODD L. VEL DHUIZE N, CHAL MER S INSTITUTE OF TECHNOLOGY

Embeddings of languagesinto one another are useful in studying their relative
power and, sometimes, nding languages that are universal in some sense Exam-
ples include Turing-reducibility for studying computabil ity, poly-ti me reductions
for subrecursive languageq14], and structure-preserving embeddingsfor expressive-
ness[4, 5, 13, 12]. To further a search for languagessuitable for \domain -speci c
embedded language$ and \active libraries" [7, 3] we propose stage-preseving em-
beddings as a tool to study languagesin which some evaluation or simpli cation
is guaranteed to take place at compile-time. Such guarantees can be wielded to
realize domain-speci ¢ optimization s. We prove su cient condition s for a language
to be \stage-universal,” in the sensethat there is a stagepreserving embedding of
any staged languageinto it.

Assume a class of languagesthat are all being compiled to the sameimplemen-
tation languagelLy | the subsaipt M here standing for machine. A compiler
for some source languagelL 5 is a partial map a :La * Ly ; partial becausefor
many interesting staged languages (e.g., C++, MetaML [15]) the compiler may not
terminate. To speak of embeddings being semantics-preseving, we stipulate an
equivalence  capturing someappropriat e behavioural notion of program equiva-
lence the details are unimportant.

Deniti on 1. An enbeddinge: La ! L, is atotal, deddable function that is
semantics-preserving: A (p) u(ep) forall p2 La.

The typical scenario we consideris illu strated by this diagram:
La ;/Lu

Lwm

We have two languages L, and L, compilers A and  for them, and we consider
an embeddinge:La ! Ly. Weaskask whenembeddingsthat presave properties
of interest (semantics, staging, safety) exist. The scenario of special interest iswhen
L, is somelanguagepurporting to be “universal.'

0.1. The kernel of a compil er. We usestaging to address compile-time compu-
tations (cf. [10, 8, 15]). We are interested in embeddings that are stagepreserving:
if a computation occurs at compile time in languagelL 5, thenit occurs at compile
time in languagelL,. This can be conveniently addresseal using the kernel of the
compiler. Recall that the kernel of a map is:

ker( ) = f(p;p2) ] (P1) = (p2)9

1



2 TODD L. VELDHUIZEN , CHALMERS INSTITU TE OF TEC HNOLOGY

The kernel is an equivalencerelation on programs; every programin an equvalence
class is compiled to the same program. Kernels capture staging: for example, a
languagewhosecompile-time evaluations are de ned by a rewrite relation ! must
satisfy ! ker( ), where s its compiler.

We can view the kernel as a staging speci ¢ ation,! and use it to formalize the
notion of a stage-preseving embedding.

Deniti on 2. An embeddinge: La ! L, is stagepresaving when it satis es
(P1ip2) 2 ker( ) ) (epr;em) 2 ker( y).

The kernel of a compiler givesus a measureof its staging power, that is, its ability
to perform computation sat compile time. If onelanguagehasgreater staging power
than another, then it can subsume more languageswith staging capabilities. Defn. 2
e edively says: to increasethe staging power of a language,make its kernel larger.
But at what point is a kernel \bi g enough" to subsumeany stagedlanguage?

Let us write Lo s Lg to mean there exists a stagepreserving embedding
e:La! Lg. The relation ¢ is a preorder. The obvious question is whether
there might exist maximal elements; we call sud languages stage-uniersal

Deniti on 3. A languageis stageuniversal when thereis a stagepreserving em-
bedding of any other languageinto it.

The term stagecomplete would do equally well. The usual notion of Turing- or
9-completenesscan be used to give necesary conditions for such languages We
stipulate that all languagesand compilers under discussionare 2, i.e. computably
enumerable under suitable coding. We make the standard assumption that there
is an e ective coding p q of the languagesLa;Ly astermsof L, (e.g., [2, 1]). If
p 2 La isaprogram then ppg may bethought of asarepresentati on of p by itsparse
tree, asa string of characters, or (more tr aditi onally) a very large natural number;
the particulars do not matter solong as the encading is unique and computable.
We will moreover assume that L, permits the constructi on of functions over codes
(e.g., parsetrees) su cient to realize (for example) interpreters, and will write F (c)
to meanthe application of such a function F to a code c.
It is useful to disti nguish between functions implemerted in L, e.g., maps over
codes and programs that can take such codesand produce behaviour. For a pro-
gram P taking as argument some code x, we write P [x].

Deniti on 4. An interpreter for the machine languagel), in the languagel
is a program |y [] such that for every machine-language program pn, 2 Ly, the
interpreted version of py, is equivalent to pn,:

u(lm [PPmal)  Pm

That is, if wetake somemacdhine-languageprogram p,, and “cade’ it as(for example)
asyntax tr ee ppm g and giveit to the interpreter Iy , then Iy running ppm q behaves
the same way asthe program pn,,. The existence of such an interpreter ensuresthat
the languagelL , does not lose basic capabilities of the language Ly , such asthe

1Th e kernel is related to, but dieren t from, bin ding-tim e sped cat ions (cf. [8, 9]): the kernel
indicat eswhich programs wil | compil e to th e same targ et program, whereas bindi ng-ti mesindicate
which terms are replaceable by constants. Thesetwo ideas coincide in some situat ions, e.g., when
programs are terms, the compilat ion map is compositio nal, and only partial evaluation is taking
place.
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ability to interact with the operating system and so forth. This is of concen
when dealing with interactive systems (a.k.a. proces®s reactive systems, etc.)
rather than purely functional programs. More formally, it guaranteesthat  is
onto the equivalenceclases L= giving the possible behavious (e.g., [11]) of
Ly programs That is, for every \m achine-language" program p,, 2 Ly, there
is a program py, 2 L, such that y(py) Pm, i€, pn and ,(py) have the same
behaviour.
What we need next is some vocahulary to discuss compile-time computations.

De niti on 5. A partial function f is realizable in the kernel of  if there exists an
L,-language function F suc that for any program P taking as argument a code,
and x; y such that y = f (x):

u(P[F(pxa)]) = u(P[pyd)
Or, equivalertly, (P[F (pxq)]; P[pyd]) 2 ker( ).

This means, more or less, that the partial function F is evaluated at compile time.

We now give a su cie nt condition for stage-universality, inspired by ideas from
partial evaluation, in particular Jonesoptimality [9] and the Futamura projections
[6]. The proof is boilerplate computability theory and partial evaluation. We rely
on the assumption (stated earlier) that compilers are 9 functions.

Theorem 1. If (1) there is an interpreter Iy [] for Ly in Ly; and (2) any ¢

function f is realizable in the kernel of , then the languagelL , is stage-uniersal.

Proof. Pick a language and compiler L and . Since a is 2, by (2) there is
a Ly-function A realizing it such that if p, = a(pa) then ((P[ a(ppa@)]) =
u(P[ppmq]) for any program P taking a code-argument.
Consider the embeddinge: L ! Ly givenby:

e(Pa) = Im [ a(PPa0)]

where Iy []is the L, interpreter whose existenceis ensuredby (1). Reaall from

Defn. 2 that e is stage preserving when (pg;p2) 2 ker( 3) ) (ep;ep) 2 ker( ).

Chooseps; p2 sudch that (p1;p2) 2 ker( z). Then thereis a py, such that ,(p1) =
a(p2) = pm, and from the choice of 4,

ullm [ a(PP1d)]) = u(Im [PPmdl) and
ullm [ a(pP20)]) = u(Im [PPmdl)

Therefore ,(ep) = u(ep), or (epr;ep) 2 ker( ), and the embedding e is stage-
presaving. Since such an embedding exists for any languagelL », the languagel
is stageuniversal.

The construction in the proof above is not of immediate practi cal use there isno
guarantee that an interpreted program (Im [ a(ppg)]) will run anywhere near as
fast as a(p) (cf. Jones-optimalit y [9]). It does, however, give su ciernt conditions
for languagesto be stage-universal. The construction above would be useful if
found programsthat were “optimal.' That is, if the compiler , wereto n d fastest,
smallest, etc. programs, thenthe construction ,(Im [ a(ppg)]) would be practical.
Finding optimal programsis 3 hard, so this goalis not reachable. Howewer, if we
n d programs that are near to optimal, then approaces nearing the construction
of Theorem 1 might be practical. In [16] we desaibe a method for realizing such
compilers, via \Gu aranteed Optimization," a new compiler desggn technique.
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Following th e semminal work of Moggi and Wadler [8,12], it hasbemmestandard in programming
sanantics and functional programming to analyse various notions of computation with side-eects
asmonads Recently, howewer, it hasalsobeen discussed whether thereis a needfor n er and more
permissive mathematical abstractions beyond monads to get a better uniform grip on the very
diverse function-like concepts one encounters in programming. Notably for our topic of interest
here, Hughes [6] has promoted arrows asan abstraction which is espedally handy in programming
with signals or o ws. His idea hasbeen taken up in functional readive programming [9] and there
exists by now not only an arrow library in Haskell but even specialized syntax [10].

The exists however also a considerably more standard and elementary categorical concept of
comonad which can be usel to capture notions of valuesin-context. This fact has received some
attention [3, 7], but in generalcomonadshave not found ext ensive usein semanti csor programming.
We claim that this unfair and argue that comonads can be a helpful tool in programming with
signals and in the semartics of corregponding specialized programming languages. In the paper,
we take a closer look at streams as signalsin discrete ti me.

Stream programming is about stream-tr ansforming functions StrA ! StrB where StrA =

X:A X = Nat) A isthetypeofstreams(i.e, in n ite sequenceyover a given type A. One can
either allow arbitrary streamfuncti onsor, moreinterestingly, only thosethat are causalin the sense
that thenth element in the output stream must be determined by the elements of the input stream
up to the nth position. Obviously the causal approach is more realistic, if streams are meant to
represent signals. Both non-causal and causal stream functions are equivalert to Kleisli arrows of a
comonad. The non-causalcomonad D is DA = StrA Nat= (Nat) A) Nat= NEListA StrA
whereasthe causal comonad D€ is DA = NEListA where NEListA = X :(1+ X) A isthe
type of non-empty (snoc-)lists over A. The idea is to use non-enpty lists to represent histories
(inclusive of the present momert) and stringsto represert futures. The causal comonadis spedal
in being the cofree recursive comonad over the functor 1+ () where a recursive comonad s the
dual of a completely iterative monadin the sense of [1] (cf. also[11]). This implies that for any map
e:D%B A)! B factoringin theobviouscanorical way throughamap (1+ D¢(B A)) A! B
(a \guarded equation") there exists a unique map s: D°A ! B satisfyings = e bs;"AiY (the
\soluti on"), which really givesa feadbadk combinator. Notably, not only the potential soluti ons,
but also the guarded equations are arrows, soalso they make good represertation s of causalstr eam
functions.

We show Haskell implementati ons of stream programming combinators for both comonads,
compare the comonadbased disciplines of programming with streamsto the arrow-based coun-
terparts, and discuss semantic description of intensional languages like Lucid [2] and synchronous
data ow languages like Lustre and Lucid Synchrone (Lustre+ML) [5,4]in terms of the non-causal
reg. causal comonad

Acknowledgemens This work in progress is being partially supported by the Estonian Science
Foundation under grant No. 5567.
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Abstract

We presentan approactto model-checkreal-timesystemdy the cost-optimising
versionof Uppaal.Theadditionalfeaturedor heuristicguidanceof the cost-optimising
versionimprove theperformancén nding errortraces.An importantpreconditiorfor
successfuheuristicsarecontextual informationaboutthe system.To demonstrateur
approachwe introducea mutualexclusionproblemof a real-timesystemspeci ed in
termsof PLC-Automata.Finding errorsby model-checkinghe semanticsn termsof
timed automatais substantiallyimproved by heuristicsguidance. Our heuristicsare
derived by exploiting the contextual informationthatthe timed automatasystemto be
checledrepresentshe semanticof PLC-Automata.

1 Intr oduction

A mainadwantageof model-checkings thatthereis alwaysaresult,eithera positive oneor
anegative onetogethemwith a counterexampleprovidedthattherearesuf®cientresources
of time and space.In the usualveri®cationcontext the positive answeris desiredandto
this end a model-checkr hasto explore the full statespace. Therefore,model-checkrs
typically do not provide specialfeatureso ®nd counterexamplesfast. However, thereare
othercontextsin whichit is desirableo ®nd the counterexamplefast:

Whena model-checkris appliedto ®nd (optimal) schedule®r plans. Recentap-
proachesof this kind are publishedin [BFH* 01, LBB* 01, DBL02]. Here, the
counterexampledoundrepresenteasible(optimal) schedulesr valid plans.

In an abstractionre®nementioop [CGJ 00, HIMS03. Herethe veri®cationof a
complex modelstartswith averycoarsebstractionModel-checkinghisabstraction
typically yields an abstractounterexamplewhich is expectedto be spurious.That

meansit cannotbe foundin the concretemodel. The bene®tof spuriouscounter
examplesis that they provide informationin which way the abstractiorcanbe re-

®ned. Thisre®nedabstractioris model-checkdagain.As long asspuriouscounter
examplesarethe outputthe processs iterated. Clearly, this approachcanonly be

usefulif themodel-checkrin usecanprovide counterexampledast.

Whenanabstractounterexampleis available.If anabstractiorof systemhasbeen
model-checkdandtheresultis a counterexample,the obvious questionis whether
this counterexampleis spuriousor not. In this casethefull modelis checledagainst
a testautomatonwhich modelsthe abstractcounterexamplesuchthat reachinga
certainstateyieldsatracethatdescribes concretecounterexample.

This researctwas partially supportedby the GermanResearciCouncil (DFG) aspart of the Transrgional
Collaboratve ResearciCenter'AutomaticVeri®cationandAnalysisof Complex Systems(SFB/TR14 AVACS).
Seewww.avacs.org for moreinformation.



2 CONTENTSOF THE PRESENATION 2

We presentanapproacho ®nd counterexampledasterin systemsf timed automata.
To this endwe usethe cost-optimisingversionof Uppaal[BFH* 01] which allows theuser
to assigncoststo both transitionsandtime. It is also possibleto manipulatethe search
orderby heuristicfunctions. The main obsenationis thatthis canreducethetime needed
to ®nd a counterexample.A preconditionfor suchimprovementss additionalcontextual
informationaboutthe system.This informationis not exploitablein the standardversion
of Uppaalbecauset is not expressiblein the input language. The featuresof the cost-
optimisingUppaalallow usto addthis information,which sharpen&Jppaals focuson the
critical pointsin the systemyiz. ontraceswhich arelikely to beerrortraces.

We demonstrat¢his approachn the context of PLC-AutomatgDie99], a speci®cation
languagdor distributedreal-timesystems PLC-Automatehave atimed automatsseman-
tics. Whenthe semanticof a PLC-Automatonis fed into the standardrersionof Uppaal
the model-checkr doesnot getthe informationthatit checksa PLC-Automaton.Hence,
it handlesall transitionsandautomataequallyweighted. The coreideaof our approachs
thata model-checkr bene®tsfrom guidanceespeciallywhentherearecriteriato investi-
gatesomepartsof the statespaceearlierthanothersor to prefersometransitionsof the
model. For example,in the caseof PLC-Automatat makessensdo avoid transitionsthat
changevariableswvhich areundercontrolof the environment. This distinctionbetweertin-
terestingtransitionsand“lessinteresting”onescannotot bedonein the standardsersion
of Uppaal.Notethattherole of PLC-Automatds thatof aguineapig. Eachformalismthat
is translatednto atimedautomatasemanticss lik ely to have similar choicesof interesting
andlessinterestingtransitions.We will presentwo ideashow to addcontextual informa-
tion of PLC-Automateby assigningcostsandde®ningheuristicfunctionsto sortthesearch
space.

BecausdJppaalis optimisedfor reachabilitypropertiesit is often necessaryo con-
structtestautomatahat breaka complex temporalpropertydown to a reachabilityprob-
lem, e.g.the complex property P is satis®ediff a certainstateq in the testautomaton
T (P) is reachable.In our settingtestautomataare generatedrom ConstraintDiagrams
[Die96, Kle0Q]. Again,thetranslatiorinto testautomataloesnotrepresensomestructural
information. If the model-checkrlearnsa bit aboutthis structureby costsandheuristics,
the counterexamplesarefoundsigni®cantlyfaster The standardrersionof Uppaalcannot
betaughtwhichautomataf thecurrentsystenrepresentestautomatandwhichrepresent
themodel.

2 Contentsof the Presentation

In caseof acceptanceve will introducebrie y the notion of PLC-Automatavhich senes
asan exampleof a languagethat hasa semanticsn termsof timed automata. We will
demonstrate setof ideashow to guide Uppaalto ®nd errortracesin erroneousystems
faster To thisendwe will shaw thatthis is especiallyeffective providedthattestautomata
areinvolved. We will alsopresentheresultsfor casestudiesrangingfrom toy examples
to mediumsize'. In mostcaseswe found errorsat least10 times fasterand sometimes
morethan100timesfaster Oftenthe speedupannothe computedsinceonly theheuristic
guidedversionterminatedsuccessfullywhereaghe standardversionof Uppaalexceeded
memorylimits.
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Abstract. Inthispaper we present an algorithm to compute DBM sub-
stractionswith a guaranteed minimal number of splitsand disjoint DBMs
to avoid any redundance. The substraction is one of the few operations
that result in a non-convex zone, and thus, requires splitting. It is of
prime importance to reduce the number of generated DBMsin an explo-
ration loop, e.g., for reachability, because the result is propagated and
serves to compute further successors later.

1 Introduction

DBMs (di®erence bound matriceg [6,4] are excient data structure to repre-
sernt clock constraintsin timed automata [1]. However, some operations require
splitting, e.g. substraction or some extrapolation algorithms [2] because DBMs
can not repreent non-convex zones The reallting DBMs of a splitting are parts
of succesor statesthat will be used to compute further succesors. Reducing
splitting means to reducethe state explosion.

ThenewDBM library of the model-cheder Uppaal ! supports substractions
and federations of DBMs to represert non-convex zones There are other repre-
serntations of zonesthat can ded with non-convex zones such as CDDs [3] or
CRDs [7]. In this paper we are concemed about how to solve the substraction
for the DBMs when the DBMs are already used in a model-chedker. Depending
on the operation, a givenrepresentation may be more or less excient, we do not
address this issue.

2 DBM Substraction

Giventwo DBMs A and S, we want to substract S from A. The reallting zone
Z can be de ned as the zone satisfying the constraints of A and : S. Intuitively,
apointp2:Si®: (p2 S). Computing the reault Z = A" : S is done by
constraining A with the negated constraints of S. Figure 1 illustratesthe basic
substraction algorithm in two dimendons, i.e., with two clocks. In theworst case,
for a DBM of dimenson n, there are n? splits where each split costs a copy. The
algorithm complexity is O(n?%).

! http://w ww.uppaal.com
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Fig. 1. Basc substraction algorithm.

3 Reducing Splitting

The T st observation from the basic algorithm isthat some splits may be avoided
by taking into accaunt only the edgesthat belong to the minimal graph [5] of
the DBM. A DBM can be seen as a directed graph between clocks with the
constraints on the edges Figure 2 shows the reducedsubstraction by using only
thes constraints. The complexity for computing the minimal graph is O(n®) but
it isworth doing sinceit is more important to reducethe reault.

VAl
2

Fig. 2. Substraction using the constraints part of the minimal graph.

4 Substraction with Minimal Split

To further reducethe number of splits, let us consider the following four cases
that arise on the constraints belonging to the minimal graph of the DBM to
substract:

1. The (negated) constraint reducesA to an empty zone: we ignore it.

2. The(negated) constraint has no e®ecton A: because A is convex, this means
that the DBM S to substract is outside of A so we stop and the reault is A.

3. The (negated) constraint is on a facet of S that doesnot intersect A: we
ignore it.

4. Otherwise we compute a split.



The third case is the contribution of our algorithm: the decision procedure is
linear in the number of clocks and can rule out constraints that do not a®ect
the reault. The main argument for ruling out these constraints comesfrom the
convexity of A and S: if a facet of S doesnot intersect A, then it has no e®ect
on the substraction. We argue that this algorithm is sound and complete. As a
remark, the T st case is redundant with the third case but it is a simple teg
used to rule out simple cases The complexity of the additional teg is O(n) per
constraint, which is, O(n®) in total: we do not make the substraction worse.

Fig. 3. Substraction with minimal splitting.

5 Minimal Substraction

Having the minimal number of DBMs as the reailt from a substraction may
not be enaugh: if the succesor states are going to be arguments for further
substractionsthenthere should be no overlapping betweenthem otherwise future
substractions will be redundant. The bad thing could be that future generated
DBMs may not be simply comparable with regect to inclusion cheding, which
means, that even if some of them are redundant, they will be kept. We propose
a simple procedure to reduce the size of the reaulting DBMs to make them
digoint. The ordering of the splitting procedure a®ecs the reault but it is still
guaranteedto be minimal and disjoint. This procedure costs a copy per split.
The complexity is O(n?) in total. The substraction is still in O(n%).

Fig. 4. Substraction with minimal splitting and disjoint result.



6 Conclusion

The algorithm we propose has beenimplemented and tesed with other functions
of the DBM library that use substraction as a sub-function. The library has an
extendve set of teds that can be used as bencdhmarks. It turns out that it is
more important to have a reducedreallt rather than a chegp and redundant
one. The reason comes from the propagation of the realt in the exploration
loop of the model-cheder, eg., for reachability, or in the tegs we made on the
propagation of partial reallts: the reailting DBMs are used later to compute
further succesors and substractions.
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Abstract

The long awaited introduction of multi-threaded execution inside mainstream
microprocessorscan becomethe next challenge for software technology. This
talk will cover the technical reasonsfor running multiple threads per CPU chip,
identify sometechnology possibilities and challengesthat comeasa direct result
of this paradigm shift and "nally make somepredictions for the future.
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Abstract

We describe a language-basedapproach to derivation
of software product lines. A single general model, de-
scribed asan I/O-alternating transition system,is used
as a description of the available functionality. Hierar-
chically organized behavioral speci cations de ne the
actual family members by restricting input and output
abilities of the generalmodel. I/O alternating transi-
tion systemsare usedto model semariics of both sys-
tems and environments. Our ervironments are novel in
that they not only restrict possibleinput traces, but also
exhibit inabilities in distinguishing output traces. Some
outputs are indistinguishable for a given environment
in the sameway as a color-blind person cannot distin-
guish somecolors. Color-blindnesscanbe usedto model
surprisingly many aspects of realistic ervironments (for
example causality between ring and timing-out of a
stop-watch, boolean memory ags, or use of a single
actuator in place of two). The environments which are
formalized ascolor-blind I/O-alternating transition sys-
tems, can also describe dynamic properties such as; an
output that is ignored only after a certain set of other
outputs.

An I/O alternating transition system can be trans-
formed according to a behavioral speci cation of its
ervironment, and individually optimized, during code
generation, for the particular ervironment and purpose.
The specializedmembers of the product family are ob-
tained by requiring that the generalmodel and the spe-
cialized models should be indistinguishable in the given
ervironment. The use of environments enables new
compiler optimizations, vastly exceedingusual reduc-
tions. If the generalmodel de nes much functionality
that is not neededin all versions of the product, this
functionality can be remaoved, evenif it is de ned in the
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generalmodel interweaved with neededfunctionalit y.

We presert the sematrtics of a speci cation language
for environments of reactive synchronous systems, to-
gether with a powerful notion of cortext-dependert re-
nement basedon color-blindness. This re nement re-
lation is more liberal than usual in allowing somemu-
tations to program outputs, instead of bare reductions.
This re nement relation also preseres deadlock prop-
erties in a exible way. We demonstrate how partial
speci cations of behaviors can be composed and used
to de ne families of products.

The framework is demonstrated in two ways, rst
by discussing adaptations to realistic engineering de-
sign languages,secondby preseriing an example of a
product line. Two classesof realistic engineeringlan-
guagesare handled: Languageswith set basedoutput
and languageswith sequencebasedoutput. The exam-
ple is given in the modeling language of State/Ev ent
machines, which ts in the classof set basedoutput.

In [11] a static framework for specifying environ-
ments for reactive models is preseried, which relies
solely on state independert properties. The presern pa-
per provides a theoretical foundation for a product line
managemen setup similar to the one of [11], but based
on behavioral properties.

Relativized simulation has been originally intro-
duced by Larsen [6, 5, 4]. Our framework is modeled
after this work, rephrasedin the setting of I/O alternat-
ing transition systemsand extendedwith the notion of
color-blindness. In Larsen's formulation, basedon sim-
ple labeled transition systems|[8], it was impossibleto
expresservironment's inability to distinguish outputs.

The study of behaviors of systemsembeddedinto ex-
ecution contexts is relatively mature [5, 1, 7, 9, 3]. Our
work stems out from this series, by its extended sup-
port for obsenability speci cations via color-blindness.
This support is needed,if the tools basedon this frame-
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Figure 2: A specializedmodel, G of the alarm clock.

work, are to be useful for developmen of product lines
of embedded systems.

The framework is designedfor use in an upcom-
ing tool [10] for compact code generation and product

line derivation for discrete control embedded systems.

Our speci cations shall be used as preconditions for
advanced, context-aware model optimizers/sp ecializers.
This prototype tool is supposedto be compatible with
an industrial developmert ervironment for embedded
systems[2], which will allow realistic casestudies.

1 Example

The following exampleis included with the abstract to
give a better understanding of the ideasinvolvedin us-
ing color-blind environments for software product lines.
This example of courselacks all the formal de nitions
of the full article.

Figure 1 depicts a state/evert model of an alarm
clock. This model consists of three state/event ma-
chines. The essetial features of the alarm clock are

handled by the timer machine. If the timer is in the
armed state and the hardware sendsan alarm time out
evert, alarmTO, then the beeper is turned on. If the
user wants to postpone the alarm he has to pressthe
shoozebutton (event sncozg, which allows him to con-
tinue sleepinguntil the snoozetimer times out (evert
snazeTO). The backlight machine controls whether the
badklight in the alarm clock should be: o , glowing or
on. Only a faint light is displayed in the glowing state,
such that the clock display canbereadin the dark. The
full light is on (state on) while the alarm is beepingor
the snoozebutton is being pressed. The snwzeR evernt
denotesthe releasing of the snooze button. The sen-
sor machine models a memory cell storing information
about the level of light in the surroundings of the alarm
clock. Proper everts (dark, bright) are generatedby the
sensordriver whenewer the ambient light passesabove
or below somethreshold.

We would like to support automatic derivation of
variants for discrete control systems like the alarm
clock. One sud variant C;, which doesnot activate the
badklight in reaction to the snooze button, is depicted
on Fig. 2. Note the simpli cation of guards and two
new transitions in the backlight state machine. What
is the relation betweenthe two models? Both models
are indistinguishable for some execution ervironment,
namely the one, which becomesblind for the lightOn
action immediately after producing the snaozeevert.

In order to structure our specications, we shall
rstly state generalrequiremerts, which should hold for
all the environments usedto executethe alarm clock.
These generalrequiremerts usually re ect the physical
nature of actuators and sensors. In our casewe state
that dark/ bright and snozéd snazeRare always gener-
ated in an alternating fashion.

Ey = InterleavesnmzesnmozeR” Interleavedark bright

The ervironment for Gwhich can formally be de-
ned asE; = B E® where E%is depicted in Fig. 3.

ignoref lightOng?

E®

A
‘ alarm! '

snozeR
snazeTA
alarmTO!

Figure 3: Environment EC ignoring the lightOn output
producedin reaction to the snaozebutton.

Consider a new alarm clock variant G, which is de-
void of the actual snoozefunction (Fig. 4). The user of
this clock canstill pressthe snoozebutton, but the only
e ect it hasisturning the badclight o for a short while.



We can say that this user (environment) becomesblind
to beepOn and beepO actions initiated by the snooze
and snoozeTO everts. Formally E; = Eg” E°Y where EX°
is de ned in Fig. 5.

In this example we have showvn two dierent ervi-
ronmernts for the generalalarm clock model, and their
respectively specialized alarm clocks. Both being dy-
namic properties, the rst adding new transitions to the
alarm clock, while simplifying someguards, the second
only removing transitions and states from the original
model.

G

timer alarm/
alarm beepO

__m
alarm

alarmTO/
beepOn

backlight alarmTO * armed_ snzé lightOn

bright/ (alarm” red _ snmzeR
lightO ~night/ glow
gloving [ > on
dark snmze_ alarmTO * armed ——

T / glow SlightOn

((alarm” red) _ snmzeR ~ day/ lightO

Figure 4: An alarm clock without the snooze function
obtained by removing outputs/guards that are never
obsened/satis ed in E,, and then unifying states made
indistinguishable ( red and snze.

ignoref beepOrg?

snwzeTO

snozeR

alarmTO!

Figure 5: Environment E% ignoring the snooze func-
tion of the clock. Generation transitions to the blind
obsener b are not shown.
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Abstract

Model Driven Architecture(MDA) [5] - a recentinitiative d OMG [6] - is gaining
increasingpopularty in industry. The main idea behind MDA is to devekxdtwareintensive
systems by transforming their models expressed in Unified Modeling Lageyu&ML) [8].
Though such an approach facilitates developing systems in a structured way and potentially
improves their design, it is yet insufficient for ensuring correctness of the constructed dystem.
contrast, formal methodsaveproved to be invaluge for ensuring system correctndms still are
rather reluctantly accepted by industry practitionénsthis paper we propose an approach to
formalizing MDA-style model transformations in the B Method.

The B Method J] (further referred to as B) is approach for the industrial development
of correct software. The method has been successfully used in the development of several complex
reallife applications4]. It enables specification, verification and development of a system in a
rigorous way The tool support available for B provides us with the assistance for the entire
development process. For instance, Atelier3B gne of the tools supporting the B Method, has
facilities for automatic verification and code generation as well as documentatiojegct
management and prototyping. The high degree of automation in verifying correctness improves
scalability of B, speeds up development and, also, requires less mathematical training from the
users.

The development methodology adopted by B is basestapwise refinemerj2]. While
developing a system by refinement, we start from an abstract formal specification and transform it
into an implementable program by a number of correctness preserving stepsrefallechents
The topdown design approachieocated by stepwise refinement coincides with the idea of MDA
development by model transformations. By integrating these two development paradigms we
enhance dependability of the developed systems without losing the visual appeal of diagrammatic
UML notations.

In this paper we propose an approaelming at developing specification and
development patterrgenericto ad-hoc mobile networksAt first we create templates for modeling
ad-hoc networkdy expressing thenodelsin UML. Then we translate and vérithem in B. We
propose a generic development procbased orntransformatioa of corresponding models. We
verify the correctness of our development by establishing refinement between the corresponding B
models.

Our approach allows us not only to reaabout correctness of system under construction
but also helps in understanding and structuring complex system requirements. Besides, visual
nature of the diagrams allows trs easily navigate through the design space and simplifies the
process of incorpotang changing oremergingrequirements into the system. To validate the
proposed approach we conducted a case statydeldriven development of routing protocfar
ad hoc networksAd hocOn-DemandDistanceVector (AODV) [7] protocol.
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Abstract

MessageSequenceCharts (MSCs) are an appealing visual notation for specifying
patterns of interactions between processesand is used by a number of design
communities.

A key role of MSCs is to capture system requiremerts in terms of "good"
scenariosthe implementation should exhibit and "bad" scenariosit must avoid.
A good part of researtr on MSCs has beendriven by this use. Thusin this line
of work, the focus is on medanisms for specifying collections of MSCs, ways
of analyzing such collections and studying their relationship to implementation
models.

On the other hand, a broad -and in somesense,a branching time- extension
of MSCs called Live SequenceCharts (LSCs)has proposedby David Harel and
Werner Damm to sene as an executablespeci cation language. Further, David
Harel and co-workers have developed a simulation enginecalled the Play-Engine
to prototype systemdesignsbasedon LSCs. From a conceptual standpoint, the
model called Communicating Transaction Processes(CTPs) also falls within
this framework.

We will survey researtr on MSCs covering both thesethemes.



Campositianal Speci cation and Veri cation of UML Modds
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1 Motivation

Today, UML 2.0 [3] is an accepted modeling lan-
guace for object-oriented software systems. It pro-
vides a range of diagrammatic notations for mod-
eling and specifying di e rent aspeds of a system's
structure and behavior. Quite alot of methods and
tools are dewveloped to enale the formal analysis
of these models. But most of these methods are
concened with a particular implementation of the
model. Thesemethods do not scalewell or they en-
rich the model with notations outside of the UML,
becauseUML doesnot provide any meansto spec
ify a systems behavior compositionally yet.

We present a compostional speci cation lan-
guage basal on OCL 2.0 [4] extended with histo-
ries (see [1]). The compatibility predicate, which
aserts the compatibility of speci cation s, of [1] is
extendedto a a compositional proof rule, which al-
lows to derive global properties of the model. T his
reaults in atrace logic for object oriented programs,
where we investigate the compostion of class in-
variants.

Among the main challengesfor this speci cation
languageis ensuring the distinction between local
sped cation s, which descibe the behavior of the
objects, and global speci cation s, which de ne the
possible object str uctures. Global sped cations are
similar to UML' s architecture diagrams Another
challenge concerns unbounded object creation.

As a casestudy we specify the Sieve of Eratos
thenes in our trace logic and derive the corredness
using the PVS theorem prover [5]. The translation

Part of this work has been na ncially supported by IST
project Omega (IST- 2001-33522) and NWO/ DFG project
Mobi-J (RO 1122/9-1, RO 1122/9-2)

YInstit ute for Computer Science and Applied Mathe mat -
ics, Christian -Albre chts-Universitat zu Kiel, Germany, e-
mail: mky @nform atik.u ni-kiel. de

2CWI Amsterdam, The Netherl ands, e-mail: frb @cwi.nl

from OCL to PVS is automated [2].

2 Trace Logic

In this work we investigate a trace logic for object-
oriented programs. The programming language
chosen for this is a subset of UML 2.0 consisting of
classeswith operations and state machines which
communicate by asynchronous and synchronous
signals.

A program in our seting is given by a set of
classesC with typical element c, where each class
sped es attributes describing its data, and a state
machine descibing its behavior. We assime that
the attr ibutes speci ed in a class are private to the
object, i.e., no object may read or write to another
object's attri butes. This ensuresthat communica-
tion between objects is only by sending signals. Fi-
nally, eath program speci es a root class For sake
of simplicity, we assaime that all state machinesare
at .

To achieve compostionality, we equip eadh ob-
ject with a history variable , which can be spec
i ed using a class invariant |.. This invariant has
to belocal, i.e, it must not refer to the state or the
history of any other object.

Given a sped cation we derive the veri cation

condition
N

8z : I [zc=sef]!
c2C

where the substitution [z.=sef] transforms the lo-
cal assetion | to a global assrtion on the object
Z. and is a property of the glokal trace of events
we want to prove.

We are concerned with safety properties and as
sumethat all interaction between objects is either
by asyndronousor synchronous messags. There-



foreit issuc ient to use n ite sgquences of events
astraces

send(s;r; sig; ¥) states that s enqueues a signal
sigin r's input queue.

recv(s;r;sig;¥) denotesthat r dequeues a sig-
nal sig from s from its input queue.

return(s;r; sig; ¥; v statesthat r returns from
a synchronous signal.

If a communication is asyncronous, only send and
recv is obsened. If it is synchronous, only send
and return is observed, becausesending and re-
cdving a messagecoincides, and the return is ob-
saved simultaneously by the sender and recever.
This means, that synchronous communication uses
a rendez-vouz mechanism.

We spedfy the behavior of all instances of a class
by an invariant 1. on its communication history.
This logic is (essentially ) de ned by the languagée

Cu=tv %t %t =10 j A Ofovr
ti=t# v (V)jr: g

The predicatet v t%statesthat t is a subsequenceof
t%t tOstatesthat t is a prex of t® r: denotes
the local history of r, where r is some reference
name, most of the time sef, the termt # v :' (V)

designatesth e projection onto ' , i.e., larges subse
guence of t for which ' holds on each postion, and
t; refersto theith evert in t. A local classinvariant

is a predicate on the object's trace such that sef

is either sencer or recaver in ead evert.

We do not ned to observe the creation of a new
object, becausethe rst communication with an
object in the global tr ace establishes its creation.?

Finally, traces have to satisfy the following ax-
ioms:

An object cannot be created by two objects.
There can only be one object which sends a
messagewith a new object idertit y to another
object spontaneously. After this, ead object
needsto have received the messagefrom an-
other one.

There are no cycles in the creation order.

1we omitted the sub-language for integer arithm etic.
2This only holds if we can create an unlim ited number of
objeds.

Reading from an event queueisdonein a rst-
in rst-out order.

A local history is obtained by projection on
the global history.

3 Tool Supp ort

We haveimplemented a prototypetool which trans-
lates the extended OCL sped cation s (a syntax for
the trace logic) into the PVS language. We have
sped ed an object-oriented version of the Siewe of
Eratosthenesusing our trace logic and proved its
corrednes in PVS. The sped cation is quite con-
cise and captur es the essance of the systems behav-
ior. To our mind this is an important property of
a sped cation language.

In the future we want to apply our method to
larger examples We also need to invedigate the
features needed to allow compositi onal speci ca-
tions for models using a richer subset of UML.
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Abstract

STAIRS is an approach to the compositional developmert of inter-
actions, supporting the specication of mandatory as well as potential
behaviour. The classical notion of re nement is supported both by using
a formal denotational trace semartics and by more practical transforma-
tion rules together with pragmatic constraints.

Intro duction

STAIRS [HSO03]is an approach to the compositional developmert of UML in-
teractions, sud as sequencediagrams and interaction overview diagrams. The
processof developing the interactions is viewed as a processof learning through
describing. From a fuzzy, rough sketch, the aim is to reach a preciseand detailed
description applicable for formal handling.

An essetial feature in STAIRS is the ability to distinguish betweenmandatory
and potential behaviour. By potential behaviour, we meanthat a speci cation
may give seweral alternativ e behaviours serving the sameoverall purpose,and
that fullling only some of them is acceptable for an implementation to be
correct. On the other hand, mandatory behaviours are alternativesthat must
all be present in a valid implementation.

sd ATM v
xalt
currency
Withdrawal alt ref
ref CurrencyEUR ref/ CurrencyUSD
I

Figure 1: Mandatory (xalt) and potential (alt) alternatives



As an example, considerthe interaction overview diagram in gure 1, specifying
the behaviour of an ATM (Automatic Teller Machine). An ATM oers the
customerwithdrawal of money or the purchaseof a number of foreign currencies
(in addition to having cashrell). The alt-operator is usedto specify that for
an implementation of the ATM it is optional to o er either eurosor US dollars,
or both. We alsowant to specify that any ATM must o er both withdrawal of
native money and at least one foreign currency. These mandatory alternativ es
are expressedusing the novel operator xalt, introducedin [HS03.

Semantics of interactions

To explain the meaning of interactions, STAIRS usesdenotational trace se-
mantics. A trace is a sequenceof input/output everts, represeriing one execu-
tion of the speci ed system. In general,an interaction is viewed as specifying a
set of positive and/or negative traces. Tracesnot speci ed as either positive or
negative are called inconclusive.

A certral notion in STAIRS is that of an interaction obligation, usedto capture
mandatory behaviour. An interaction obligation is a pair (p;n) of setsof traces
wherethe rst setis interpreted asthe set of positive traces and the secondset
is the set of negative traces.

An interaction is givenits semarics asa setof interaction obligations. Any valid
implemertation of the interaction must contain at least one positive trace from
ead of the interaction obligations. Di eren t interaction obligations are speci ed
syntactically by using the novel operator xalt, where eat operand givesrise to
one obligation. The positive traces within one obligation are alternativ esthat
may be presert in an implementation, thus supporting speci cation of potential
behaviour. (At the speci cation level this is, among other things, achieved by
the alt-operator.)

Formally, the semartics of interactions is de ned by a function that for any
interaction d yields a set [ d ] of interaction obligations. For instance, we have

Q.

[ dialtd, ] def f(p[ p2;nal n2)j(pa;n1) 2 [di 17 (p2;n2) 2 [ dz Jg

e

[dixaltd, ] = [di]l[[d21

For more details, see[HHRS04].

Q.
=

Re nemen t of interactions

An important part of STAIRS is to explain the classicalnotion of re nement in
the setting of interactions. This is done by distinguishing betweenthree main
kinds of system dewvelopmert steps: supplemerting, narrowing, and detailing.
Supplemerting categorizesinconclusive behaviour aseither positive or negative,
while narrowing reducesthe set of positive behaviours. Detailing meansto
intro duce more detailed descriptions, while maintaining the essetial behaviour.



Formally, we have that an interaction obligation (pz;nz) is a re nement of an
interaction obligation (p1;ni), written (p1;n1) ¢ (p2;n2), i Ny n, »
pr  p2[ n2. An interaction d®is a re nement of an interaction di 802 [d]:
92 [d°]:0 , o

Supplemerting and narrowing are special casesof the generalnotion of re ne-
ment. An interaction obligation (pz;n2) supplemers an interaction obligation
(p1;n)i (N1 na2”p1 p2) _(n1 n2”™ p1 p2). Aninteraction obligation
(p2; n2) narrowsan interaction obligation (p1;n1) i p2  p1 ™ N2 = N[ (pLnp2).
Detailing correspondsto interface re nement asde ned in e.g. Focus [BSO01].

In [HHRSO04] we prove that re nement asde ned above is transitiv e and mono-
tonic with respect to the most common interaction operators. Transitivity is
important, asit ensuresthat successie re nement stepsresults in a valid re-
nement of the original speci cation. In the sameway, monotonicity allows for
the di erent parts of an interaction to be re ned independertly.

Re nemen t calculus

The semartic details as preseried in [HHRSO04] are quite involved, and it is
unlikely that most users of interactions will be interested in working at that
level. Thus, there is a needfor a more practical, high-level approac to dealing
with re nement of interactions. We are currently working on constructing a
re nement calculusfor STAIRS. In this rst phase,the calculus consistsof two
kinds of rules:

Transformation rules describing syntactical modi cations on interactions,
modi cations that will result in valid re nements.

Pragmatic constrain ts to assistin developing useful re nements, not only
valid ones. (For instance, it is very easyto re ne a consistert speci cation
into an inconsistert one, thus making it not implementable.)
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Abstract. In this paper, we describe a plug-in for the Rhapsody tool,
which demonstrates how UML models with SPT annotations can be
analysed using the Times tool | a tool for modelling, schedulability
analysis, and code generation for timed systems. The plug-in takes as
input an UML model consisting of an assenbly of components whose
behaviours are speci ed by statecharts. Operations may be annotated
with SPT timing parameters for their execution time, deadline, priorit y
etc. The output is a network of timed automata extended with tasks that
can be analysed using the Times tool. In particular, the Times tool will
show whether the operations invoked from the UML model are guaran-
teed to meet their deadlinesor not. We describe how this has beendone
in a casestudy where an SPT annotated UML model of an adaptive
cruise cortroller is studied.

1 UML with SPT Annotations

We usea subsetof UML with SPT annotations (the UML pro le for Scheduling,
Performanceand Time [11]) asan input languagefor our tool. The models that
can be analysed are hierarchical static structure diagrams containing objects
represerting componerts or assenblies of componerts. The behaviour of eat
componert is described by an assaiated statechart, eat executing in its own
thread of cortrol. Figure 1 shows an example which can be analysedwith the
tool preserted in this paper. Component A is composed of subcomponeris B
and C whose corresponding statecharts are shown to the right of the structure
diagram.

The operations of componerts represert tasks being scheduled for execution.
We apply the SPT stereotype SAAction for operations to annotate them with
parameterssuch as priorit y, computation time, deadline, etc. Parameters of the
operation foo of C are shown in Figure 1. Operations are triggered by statecharts,
and operations triggered by the samestatechart are executedsynchronously.

Componerts can have ports that can be connectedwith directed links al-
lowing for interaction betweenthem. There are two typesof ports, hamely data
ports and trigger ports. Data ports are de ned using DataPort interface which
hastwo methods get and set Links betweendata ports are oneplacebu ers that
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trigger[IS_PORT(f) && get_d()->get() != 0}/
get_g()->GEN(trigger);

trigger[IS_PORT(f) && get_d()->get() == 0]

h

DataPort

tm(20)/ trigger[IS_PORT(g)J/
get_i()->GEN(trigger); foo();

TriggerPort

L — —void foo() {

m = get_e()->get(); SARiority = 1
SARIDeadline = 40
SANorstCase = 25

m=(m<0?0:m);
get_h()->set(m);

i TriggerPort )

Fig. 1. An example UML model with SPT annotations

can have one senderand many receivers. A data item in a one place bu er is
obsenable by receiversuntil overwritten by the sender.Trigger ports are de ned
using TriggerPort interface. Untyped everts can be sert over the link using the
GEN method. Everts are stored in a bu er of a prede ned sizeuntil consumed
by the receiwer.

Every componert can be assa@iated with a statechart. Transitions of stat-
edarts are enabled by triggers and/or guards; the assaiated actions will be
executedwhen the transition is red. A trigger can be a timeout or the recep-
tion of an event from a trigger port. For examplein the statechart of componert
C the left transition has timeout trigger tm(20) , and the right transition has
evernt trigger[IS _PORT(g)]. The timeout expires20 ms after state C is reached.
Guards are logical conjuncts of integer expressioncomparisons.Actions can up-
date variables, synchronously executecorresponding operations, generateevents
on trigger ports, and set the valueson data ports.

2 Extracting Timed Mo dels for Analysis

We have developed a tool to extract timed models from UML modelswith SPT
annotations. The extracted model is a network of timed automata [1] extended
with tasks [6] and integer variables. Figure 2 shows the timed model extracted
from the UML model in Figure 1. The statecharts are converted into timed au-
tomata, while the links of the structural diagrams are translated into shared



port_g>0
go?
port_g:=port_g-1,
REF_foo :=1

port_f>0, port_d==0  port_f>0, port_d!=0 tm==20 .

0? go? port_iz=port_i+1,
port_f:=port_f-1 port_f:=port_f-1, tm:=0
port_g:=port_g+1
Task name | Priority Compu tatio n|Deadline Interface
T ime REF_foo ==0
foo 1 25 40 |m:=p ort_e, A go?

m:=(m< 0?0:m), TASK foo tm:=0
port_h:=m, foo
REF_foo:= 0

Fig. 2. Timed model extracted from example in Figure 1

data for asyndronous communication betweenautomata. Operations with the

stereotype SAAction becometasks whose computation time, deadline and pri-

ority are given accordingto the SPT annotations SANorstCase SARelDeadling
and SAPriaity, respectively.

The ports are represeried as sharedinteger variablesthat are aliasedaccord-
ing to how the links connectthem. A variable connecting data ports represent
the data item currently residing in the one place bu er. For trigger ports the
variable is usedto count the number of everts queuedat the port. The get op-
eration on a data port correspondsto accessinghe current value of the variable
assaiated with that port, while the set operation correspondsto updating the
variable with a new value. The GEN operation on a trigger port corresponds
to increasingthe event counter variable, the courter is then decreasedwhen a
transition is red dueto an evert received at this port.

A transition in a statechart is translated into edgesin an automaton, with
intermediate locations when needed. An evert trigger becomesa guard that
is true for non-zero queuelengths of the triggered port. A timeout tm(T) in a
statechart i is corverted to aguard tm; = T, aninvariant tm; T onthe source
location, and a reset operation on the clock tm; for ead transition reacing
the sourcelocation. A call to an SAAction operation becomesan intermediate
location where the corresponding task is releasedfor asyndronous execution,
the automaton will remain in this location until the task completes.

3 Tool Overview

The tool is a plug-in for analysis of Rhapsady [9] UML models with SPT anno-
tations [11] using the Times [2] tool. The plug-in can be addedto the Rhapsady
Tool menu, and usesthe Rhapsady COM API to accessthe UML model. The
extracted model is generatedas Java objects directly into a running instance of
the Times tool.



Times is a designand analysis tool for real-time embedded systems,based
on timed automata [1] extendedwith tasks [6]. Tasksare temporal abstractions
of executable programs represerted as their execution time, deadline, priority,
etc. Release®f task instancesare triggered by timed automata for asyncronous
executionaccordingto a given scheduling strategy. The Times tool is developed
for automated schedulability analysis of the extended models.

4 Case Study

The tools described in this paper have beenapplied to analysean adaptive cruise
cortroller (ACC) model. An ACC is an extensionof an ordinary cruise cortroller,
with the purposeto control the velocity of a vehicle,while maintaining a minimal
distance to any vehicle in front. A radar is used, with an object recognition
componert, to detect the speedand distance of any vehiclein front.

The ACC model is de ned within SaveCCM [8], a componert model devel-
oped as a part of the SAVE project. The purposeof the project is to develop a
componert technology for safety-critical vehicle systems.The conceptsof data
ports and trigger ports in our modelling language comesfrom SaveCCM. In
SaveCCM there are three types of entities, separated using stereotypes: Save-
COMP is usedto denote componerts, Assemblydenotescomponert assenblies,
and Switch denotes a special construct for switching triggering events. State-
charts model the triggering of componerts by rst receiving from all input trig-
ger ports, then perform its calculations, and nally generateevents on all output
trigger ports. Switchesdi er in that they can generateevents on selectedoutput
trigger ports.

The ACC assenbly of our model is shavn in Figure 3. The calculations of eath
componert is modelled by an operation execute with SPT parametersaccording
to Table 1. The ACC is assenbled from three componerts and a sub-asserbly.
The componert ModeLogicscalculatesthe current operating mode of the ACC.
ObjectRecognitiorapplies an algorithm to radar input, in order to determine the
velocity and distance of any vehiclein front. HMI_outputs determinesthe output
to be sen to the driver panel. AccControllersis an assenbly consisting of two
PID cortroller componerts and a switch. The switch determineswhat controllers
are active depending on the current operating mode of the ACC. In standard
cruise cortroller mode only the SpeedControlleiis active, but in ACC mode both
the SpeedControllerand DistanceControllerare active and coupledin a cascaded
cortrol loop.

When the model is exported from Rhapsady into Times, the resulting Times
model is schedulable. The responsetimes reported by Times are preserted in
Table 1. The schedulability analysiswas performed in lessthen one secondand
consumes3.3 Mb of memory, using an Inteld Celerord 1.7GHz computer.
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Fig. 3. The ACC subsystem assenbly

Component Name|SANorstCaseSARelDeadlingSAPriority Worst Case

Response Time
SpeedController 5 20 5 5
ObjectRecognition 30 100 4 40
ModeLogics 1 100 3 6
HMI _outputs 2 100 2 2
DistanceController| 20 100 1 25

Table 1. The properties of the executeoperation for the componerts.

5 Conclusions

In this ongoing work we demonstrate how UML with the SPT prole can be
usedto model schedulability problemsin a way that is analyzable by the Times
tool. Somework remainsto be done. The casestudy model should be extended
with more details, for a more reliable validation of the work. To handle a richer
classof UML models and data structures, we plan to study and extend the tool
with predicate abstraction [13,4, 3].

Related work: Extracting timed models from UML has been done in [7,
5]. There is a tool [12] by OFFIS for analysis of untimed Rhapsady models.
Tri-Paci ¢ has a tool [10] for schedulability analysis of periodic task sets ex-
tracted from Rhapsady models. In our work we proposea more generic model



where tasks are triggered not only periodically but also by external events. The
exact task releasepattern is de ned by meansof UML statecharts.
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The Controlled Linear Programming Problem
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1 Intro duction

We introduce and investigate the new Contr olled Linear Pr ogramming
Pr oblem (CLPP) [1]. In a system of linear constraints of the form x;

pi (X) + w;, where p; are linear homogeneougpolynomials with nonnegative coef-
cients, somevariables are controlled and the cortroller wants to selecyfxactly
one constraint for ead controlled variable in a way that makesmax x; as
large as possible(over all selections).Intuitiv ely, the CLPP mixes the notion of
linear programming with that of gametheory.

We investigate seweral di erent versions of the problem by varying the re-
strictions on the polynomials in the constraints. For these instanceswe then
prove optimalit y conditions which allow for designing subexponertial iterativ e
improvemert algorithms and proving NP\ coNP membership. Also, we show
that a slight generalization of the problem, with negative coe cien ts in the
polynomials, leadsto NP -hardness.

A motivation for studying this problem is that many well known and much
studied gameslik e parity, meanpayo , discourted payo, and simple stochastic
games are easily reducible to restricted versions of the CLPP . This gives a
unifying view and easily explainable subexponertial algorithms for such games.

2 De nitions

controlled and uncontrolled, respectively. Let p}(y) and q'<(x) be homogeneous
linear polynomials with non-negative real coe cients, and w! ;Wﬁ' 2 R, for

straint is called:

{ optional if it hasform x; p{(y) + w{ and
{ compulsory if it hasform yx  d.(x) + w,.

De nition 1 (Con trolled LP-Problem). Q Given the data as atove, nd a

tuple, called a pure strategy, (j1;:::;jn) 2 j”:1 f1;:::;n;g that reng,ers maxi-
ppal (over all possiblesuchtuples) the value of the objective function i”:l Xj +

Say that a switch for xi from ji-th to j0-th constraint is attractive, if

By )+ Wi < g (y )+ ik (1)



if eadh variable in the optimal solution of the new linear program has at least
the samevalue, and one has a value strictly greater, as the original value. A
strategy is admissibleif S( ) is feasible. The following theorem underlies the
monotonic improvemen of seweral iterativ e switching algorithms in Section 4.

Theorem 1. Every seuene of attractive switchesis pro table and transforms
an admissiblestrategy into an admissibleone. ¥

Say that an admissible strategy is stableif it doesnot have attractiv e switches.
For many important casesof the CLPP , discussedbelow, we have the following
polynomial-time optimalit y test.

Theorem 2. Every stablestrategy is optimal. t

The above de nitions and theorems have all been relative to pure strate-
gies. We show, howewer, that the results are also valid for mixed strategies. A
mixed strategy is de ned for every cortrolled vertex x; apa nonnegative vec-

tor i = (L M) with the I3-norm equalto 1,ie., ., ! = 1. Com-
ine all the constraints for ead cortrolled variable x; into a weighted sum x;
j”i:l Y(P (y )+w!), and denotethe resulting systemby S( ) = S( 1;:::; ).

Besidesproving Theorem 1 for the mixed case,we also prove the following the-
orem that shows that every optimal strategy is discrete.

Theorem 3. For any stable mixed strategy there is a pure/discrete no-worse
stable strategy. tl

Theseimportant properties allows us to designa wide range of simplex-like and
interior point algorithms for seweral problems discussedbelow.

3 Stabilit y and Optimalit vy

It follows that wheneer a stable strategy is also optimal, the decision problem
isin NP\ coNP . For NP, just guessa strategy of the cortroller and verify that
the optimal solution of the resulting system is above the given threshold. For
coNP , guessa strategy, verify that it is stable and hence optimal, and then
conrm that the resulting systemhas an optimal value smaller than the bound.

We show that for seweral interesting restricted versionsof the CLPP this
property doesindeed hold; see,e.g., [2]. Therefore, iterativ e improvemert algo-
rithms that start with an initial admissible strategy and repeatedly make at-
tractiv e switches, will evertually nd the global optimum. For the generalcase,
however, we presen seweral counterexamples,and do not yet know if the prob-
lem is in NP\ coNP . If negative coe cien ts are allowed in the polynomials we
show that the problem is actually NP -hard.

In the following casesTheorem 2 does hold:

{ Univ aria te Discounted Case, which is de ned like the general casebut
with the further requiremerts that the right hand sidesof the constraints
areonthe form: w+ y,forO< < 1 xed, w2 R andy a variable.

{ Mul tiv aria te Disgounted case, where the right hand sidesof the con-
straints have form: a; Vi +w;, for v; avariable, w; 2 R and a;'s positive
constarts that ful ll i < 1.

{ Univ aria te Non-Discounted Case, with right hand sides:w + v for v a
variable and w 2 R. Also one or more compulsory constraints on the form
t 0 canbeintroduced.



4  Algorithms

Switching Algorithms. Whenewer stability implies optimalit y the following generic
algorithm solvesthe CLPP : 1) start with any admissible strategy; 2) make at-

tractiv e switchesuntil the global optimum is found. Di eren t switching schemes
can be employed with this template algorithm and we look at Single Random
Switch, Single Greedy Switch, All Attr active Switchesand Random Multiple At-

tractive Switches

Sukexmpnential Algorithms. Given an instance S of CLPP, a subpioblemF of S
is obtained by xing one optional constraint for some controlled variable and
allowing other to vary. In combinatorial terms, F de nes a facet in the spaceof
pure strategiesof the cortroller in S. This establishesthe \constraints $ facets”
relation. Assacciating optional constraints with facetsin the spaceof cortroller's
pure strategiesprovidesthe intuitions necessaryfor applying di erent approaces
from combinatorial linear programming to the CLPP. In particular, we adapted
(seeAlgorithm 1) the randomization schemedue to Matousek, Sharir, and Welzl
(MSW) (more intuitiv e and easierto explain for than Kalai's randomization [1]).
The function opt S( ) works asthe target function being optimized. The Switch
function takesa strategy and an optional constraint x e and returns the
strategy obtained by changing the choice of for x to x  e. In combinatorial
optimization terms, line 3 of the algorithm corresponds to selecting a facet in
the spaceof positional strategies. Line 4 corresponds to recursive optimization
on the rest of this space.

Algorithm  1: MSW-Style Algorithm for CLPP
CLPP-MSW (S, o)

(1) if every cortrolled variable has only one optional con-
straint in S

(2) return ¢

) choosea random optional constraint X e not selected
by o

(4) CLPP-MSW (Snfx eg; o)

(5) 1 Switch ( ;x €)

(6) if opt S( 1) > optS( )

(7 SO sSnfx €:e°6 eg
(8) return CLPP-MSW (S% ;)
9) else return

P——
The number of iterations of this algorithm is 2°0C nlog(m=""n)+log m) "\wheren

is the number of controlled variablesand m is the number of oQ)tionaI constraints
(similar to Kalai's). If m is polynomial in n, the bound is 20C nfegn) [1],

References

1. H. Bjorklund, O. Nilsson, O. Svensson,and S. Vorobyov. The controlled linear
programming problem. Tedhnical Report DIMA CS-2004-41,DIMA CS: Center for
Discrete Mathematics and Theoretical Computer Science, Rutgers Univ ersity, NJ,
September 2004. http://dimacs.rutgers.edu/Te chnic alReport s/ .

2. H. Bjorklund, S. Sandberg, and S. Vorobyov. A combinatorial strongly subexponen-
tial strategy improvemert algorithm for mean payo games.In J. Fiala, V. Koub ek,
and J. Krato chvil, editors, 29th International Symposium on Mathematical Foun-
dations of Computer Sciene (MF CS'2004), volume 3153 of Lecture Notes in Com-
puter Science, pages673{685. Springer, August 2004. Preliminary full version: TR
DIMA CS-2004-05http://dimacs.rutgers.edu/Tech nica IReports/ .















Coin Games— Abstract
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Parity games—atwo-player graph gameswith parity winning conditions —provide an elegantframework
for veri cation of regular properties of reactive systems. Quite naturally, an accepting run of an alternating
treeautomaton canbe viewed asawinning strategy in aparity game. It is also standard to reduceveri cation
of a property expressedby a mu-calculus formula to the problem of deciding the winner in a parity game [1].
Good understanding of the parity winning conditions can help in developing better algorithms for model
checking the general regular properties of systems.

In this work we propose gameswith dif ferent winning criteria which are equivalent to parity gamesbut,
in our opinion, are simpler to understand and work with. The main idea is to intr oduce feesfor entering
certain positions in the game. One of the players has a collection of coins which are used to pay thesefees.
His goal is to spend asfew coins as possible or, equivalently, to play aslong as possible. The other player's
goal is to forcethe rst player to spend all his coins thus making him unable to continue the play.

The winning conditions are simple and are determined by the current con guration of the gameonly. The
second player wins a play if the rst player does not have enough coins to pay for the next move. If this is
not the casethen the play can continue forever and the rst player wins. In a sensethis can be interpr eted
as safety/r eachability winning conditions: the rst player wants to stay in the set of safe con gurations,
where he have enough coins to pay the fees;the second player wants to reacha con guration wherethe rst
player is blocked. A possibility of reducing parity winning conditions to safety oneswas alsoreported in [2].
However, this is done at the expenseof adding exponentially many new positions in the game, while our
approach does not changethe setof game positions.

In acoin game one can evaluate eachposition by ning the minimal collection of coins which enablesthe
rst player to win agame starting from that position. Having such evaluation, awinning strategy for the rst
player is to always choosea successomwith minimal optimal cost. This resemblesvery much the way optimal
strategies can be found in payoff-based gameslike gameswith nite game tree or simple stochastic games.
Inspir ed by the methods used to solve the latter [3], we formulate local optimality equations and prove that
the optimal costssatisfy them. We proposeto solve the local optimality equations by simple iterative xed
point computation.

The resulting algorithm is equivalent to the small-pr ogress measure method for solving parity games
proposed in [4]. Our work shows that this method is an instance of a general principle of nding optimal
values and strategiesin a payoff-based game by so-called value iteration.
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Abstract

Correct parallel programming is intrinsically dicult. A data race occurs when two or more
concurrently executing processesaccessthe same shared-memory location in an unsynchro-
nized way, and at least one of the processesnodi es the contents of the location. On the other
hand, adding incorrect synchronization may causethe program to deadlock. The occurrence
of a data race in a particular execution depends on small timing variations. Running the
program with the sameinput over and over again may not be enoughto detect the error and
for non-trivial programs, formal proofs and static methods are not applicable.

Unlik e static analysis, dynamic analysis detects the race conditions exhibited by a par-
ticular execution of a program. Typically, probes are inserted into the code and data race
detection is performed on-the-y during a monitored execution. To make the analysis inde-
pendent of programming language, the probesare inserted directly into the executable binary
by a technique called binary rewriting. Features such as data in code and code in data makes
binary rewriting hard. The intrusion causedby the probesmay alter the timing and change
the set of execution scheduleslikely to occur.

We proposea simulator basedapproach for detecting data racesin shared memory parallel
programs. Compared to other dynamic state-of-art tools such as RecPlay by Ronsse and
De Bossdere, we do not use binary rewriting techniques to collect information during the
analysis. Instead, the analysis is performed aspart of a simulated execution of the unmodi ed
executable, hencethe method does not induce any probe e ects. As a result, in contrast to
non-zero intrusion methods, there is no possibility for a bug that disappears or alters its
behavior when one attempts to probe or isolate it.

Using the vector clock method found in the RecPlay tool, a limited prototype data race
detector have beendeveloped as a plug-in module for the full-system, instruction-lev el simu-
lator SIMICS. The protot ype requires a special form of threaded programs that are simulated
without an operating system. Each thread is executedon a separate CPU inside the simulator
and eact time a memory accessoccurs a data race detection routine is called.

To synchronize, the threads usessimple spin-locks which can easily be detected by pattern
matching on the stream of executed instructions. Within a thread, all instructions between
two consecutive locking operations is called a segmern. The synchronization limits the possible
interleavings of segmerts and this is recorded by giving each segment a vector time stamp.
All memory locations read and written by a segmert is kept in aload set and a store set. Two
segmerts can executein parallel only if their vector timestamps are unordered. By examining
the load and store sets of all parallel segmerts, a data race can be found.

We plan to extend our analysis to real programs, running on top of a real operating
system. By utilizing the data structures used by the operating system itself, thread and
processinformation can be extracted. The goal is to build a functional tool, capable of
nding data races in arbitrary programs, written in any programming language, possibly
lacking source code, running on top of the Linux operating system.

karl.marklund@it.uu.se
Ybjorn.victor@it.uu.se
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A bstract

In the -calculus [SWO01, Mil99] the only kind of messageghat can be com-
municated are atomic namesand this simplicity is appealing from a theoretical
point of view. But for many purposesone often nds it necessay or corveniert
to be able to represen, for instance, data typessuch as pairs or even functions
and object-like structures. In order to be able to directly represen such data
types a plethora of extensions of the -calculus has emerged. Theseare often
aimed at capturing commonfeaturesand propertiesof programming languages.

App [AFO01], proposedby Abadi and Fournet, is a gereralization of the -
calculus which aims at capturing seeral of theseextensions. More speci cally,
messagesre allowed to be terms de ned through a signature. Along with the
signature a set of equations is de ned, hence obtaining a presertation. The syn-
tax and semarnicsof App isparameterizedby this presenation. Thus allowing
for the development of a theory for which isvalid for all calculi obtained by spec-
ifying a concrete presenation. Consider how pairs can be represerted in App .
The signature includes a binary function symbol pair and two unary function
symbols fst and snd. The set of equations includes

fst(pair(x;y)) = x
snd(pair(x;y)) = y:

The main contribution of our work is an encoding of App in the -calculus.
Such an encoding is appealing for seweral reasore. For instance automated ana-
lysis of App -processegoud be performed by rst encoding a processand then
use one of the many automated tools that exist for the -calculus. eg. the
Mobility Workbench [VM 94] deweloped by Victor and Moller.

The sameargumernts apply for the substantial amount of theoretical tools that
have beendeweloped for the -calculus. It should be possble to utilise someof
thesetheoretical results in order to obtain a better understanding of App . In
fact, due to the gererality of App thisarguments apply to any calculi express-
iblein App .

Full report is available online at http://www.cs.aau.dk/~  bh/files/dat6project.ps.gz
YAalborg University, Department of Computer Science Fredrik Bajers Vej 7E, DK-9220
Aalborg st
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Although the -calculus is well-known to be Turing-complete, the existence of
such an encoding is not immediate, and indeedthe encoding is non-trivial. The
main di cu Ity liesin the encoding of the above mentionede equational theory
which underlies the syntax and semartics of App . Our encoding is inspired by
a recen proposal for an encoding of the spi-calculusin the -calculus [BPVO03],
but di er s considerably in the way that terms are encoded. We rely on well-
known resuts for transforming an equational theory into a terminating and
con uent rewrite system. In fact this transformation can be done by using the
Knuth-Bendix procedure [KB70]. Moreover the encoding requires the rules of
the rewrite systemto be left linear.

The gereral ideais that all terms are forcedto reduceto their irreducible form

beforethey canbe accessedy the remaining parts of the system. Thisis done by

initially encoding the terms in paralell with the encoding of the rewrite system

which reducesthetermsuntil they becomeirreducible. Whenon irreducible form

the term becomesan object-like processwith a number of prede ned methods,

including methods for comparing syntactically against another term. Since the

rewrite systemis terminating and con uent cheding for equality then becomes
a matter of chedking for syntactic idertity. The encoding alsoimposesa bottom-

up ewvaluation strategy of terms. The choice of evaluation strategy is inessenial

for con uert rewrite systems.

As is often the casefor this type of encodings, the represenation of an encoded
processwill in gereral have to do a number of transitions in order to match
a single transition of the original process.Therefore care needs to be taken
when relating operational steps of an encoded processwith that of the original
process.In particular the encoding of an App -term M requires a number of
transitions where M itsef can berewrittenin a single step. We have established
that various subparts of the encoding are correct. This has been done to the
extent that we have beenable to prove operational soundnessfor rewriting of
terms. l.e.if aterm M isrewrittento itsirreducible form N, thenthe encoding
of M reducesto the encoding of N . A crusial property which isnecessay isthat
the encoding of aterm M is equivalent to the encoding of theirreducible form of
N . We have made somemodi cations to encoding we rst cameup with, which
we believe are suci ent in order to obtain such a resut. Assuming this resut
holds we have proved soundesswith respect to barbed equivalence.
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Axiomsand Algorithmsfor True Concurrency
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Topic

Event Structures and True Concurrency Equiv alences

Whenewer a speci cation should distinguish betweenparallel and sequetial ex-
ecution of actions, the sematrtics of the speci cation languagethat is used for
the speci cation hasto take this distinction into accourt. For processalgebras,
sematrtics that support this distinction are called true concurrency semantics
A crucial part of the semartics is to de ne when two speci cations are equiva-
lent. Therefore, a true concurrency semartics needsto be equipped with a true
concurrency equivalen@ notion that distinguishes speci cations also by their
degreeof parallelism. An important true concurrency semartics for processal-
gebrasare evert structures. In [GLGO], [Fe] and [GW] we nd the de nitions of
many true concurrency equivalencesfor evert structures (and therefore for pro-
cessalgebraterms via the semartical meaning function). Furthermore, in these
papers it has been shawvn that there are three true concurrency equivalences
that are particularly well-suited becausethey are preserved under all relevant
operators and under action re nement: pomsettrace equivalen®, causal testing
equivalen® and history preserving bisimulation equivalen@. As the namesal-
ready suggest,pomsettrace equivalenceis a trace-style linear-time equivalence,
causaltesting equivalenceis a testing equivalenceand history preserving bisim-
ulation equivalenceis a branching-time equivalence. All three equivalencesare
strictly ner than their interleaving counterpart (but causaltesting equivalence
and interleaving bisimulation equivalenceare incomparable). For the hierarchy
of the true concurrency equivalencessee[Fe] and [GW].

Axiomatizing True Concurrency Equiv alences

Two properties of equivalencesfor processesre in particular interesting.

The rst isif there is a nite axiomatization that characterizesthe equivalence.
If so,this can be usedin theorem proving.

The other is if the equivalence can be characterized by some suitable logic, i.
e. P iseqgivalent to Q i they satisfy the sameset of formulas. We are dealing



with the rst property.

For someinterleaving equivalencescomplete axiomatizations were given. Seefor
example [HM] or [GI1]. These describe equivalencesalgebraically and yield a
set of transformation rules that allow transforming processde nitions into eadh
other if and only if they are equivalent. We intend to axiomatize true concur-
rency equivalences. We start with a processalgebra containing pre x, choice,
parallel composition, variables and a recursion operator. As event structures
are much more expressie than this processalgebra,we rst de ne syntactically

the set of event structures and mappings betweenevent structures that occur as
semartics of these processalgebraterms. This set of evert structures is called
the set of relevantevent structures.

We give a complete axiomatization for pomsettrace equivalencefor nite rele-
vant evert structures.

We also give a set of axioms for history preserving equivalence, weak history
preserving bisimulation equivalene (for the de nition see[GLGo], [Fe]), causal
testing equivalence and weak causal testing equivalen@ (for the de nition see
[GW]).

We currently investigate the completenessof these sets of axioms (this is work
in progress)for nite relevant evert structures.

We are looking for completeaxiomatizations for the generalcase ,which contains

the relevant in nite ewvent structures (this is work in progress).

Algorithmic  Treatmen t of Finite Relevant Event Structures

We investigatee cien t algorithms to decideequivalencefor nite relevant evert
structures. We give a polynomial algorithm for deciding pomset trace equiva-
lencethat makesuse of the complete axiomatization for the nite case.

Algorithmic  Treatment of Innite Relevant Event Struc-
tures

Processalgebraterms that cortain at least one recursion operator always yield
relevant in nite event structures as meaning. Therefore the question for ched-
ing the equivalenceof relevant in nite event structures arises. We give a semi-
decision criterion for the equivalenceof relevant in nite ewvert structures. For
all three equivalences(history preserving bisimulation, causal testing, pomset
trace equivalence)we can give a proof for the axiom that yields this criterion.
The proof makes use of the facts that in our setting causaltesting equivalence
is presened under action re nement and that pomsettrace equivalenceand his-
tory preservingbisimulation equivalenceare congruencedor action re nement.
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1 Intr oduction

The combinationof the two well known formal spec-
i cation techniquesCSP[Hoa78 Hoa83 for speci -
cation of behaioural aspectsof systemsand Object-
Z (0Z) [SmI00, Spi92 WD96] for speci cationof data
aspectof systemsnto the speci cationlanguageCSP-
OZ [Fis97] hasalreadybeensubjectof intenseresearch
andis currentlyfurther extendedby anintegrationwith
DurationCalculus(DC) [HHF* 94, HZ97, ZHR9]] for
speci cationof realtime aspect®f systemsThisleads
to the formalism of CSP-OZ-DC[HOO02] which gives
rich possibilitiesto specifyary aspecbof complex sys-
temswith a suitableformalismin an overall coherent
way.

An importantchallenge,especially when trying to
automaticallyor semi-automaticalljanalysesuchsys-
tem speci cationsis their inherentcompleity which
quickly goesbeyondthe scopeof currentanalysigech-
niguessuchasmodelchecking— in spite of the amaz-
ing progresshathasrecentlybeendonein thisresearch
area.

In order to tackle this problemon a differentlevel
we proposethe applicationof a techniquethat is al-
ready very long and well known in the areaof pro-
gramanalysisnpamelyapplyingakind of '‘programslic-
ing' [Wei81, Tip95, HDZ00] to CSP-OZ-DCspeci ca-
tions. The basicideais to reducea given speci ca-
tion by eliminating someof its componentsn sucha
way thatits semanticsemainsunchangeav.r.t. agiven
propertyunderconsideratior{theslicing criterion).

Thisreductionis basednaprecedinganalysisof the
speci cationthatis very similarto well known program
analysistechniquedASU97, Muc00, NNH99]. More
speci cally, it includesthe constructionof a speci ca-
tion dependencegyraphwhich comprises— similar to

Thisworkwaspartly supportedytheGermarResearchCoun-
cil (DFG) aspartof the Transrgional Collaboratie ResearctCen-
ter “Automatic  Veri®cationand Analysis of Complx Systems”
(SFB/TR14 AVACS).See www.avacs.org for more informa-
tion.

a programdependencgraph[HRBO(] — all relevant
kinds of dependencethat are presentin the speci ca-
tion suchascontrolor datadependencesetweerspec-
i cation elements.

Our currentwork is a rst step towards the goal
of slicing CSP-OZ-DCspeci cationswhich is yet re-
stricted to an applicationto its untimed predecessor
CSP-0zand accordinglyuntimed propertiesthat are
expressedn anuntimedDC variantcalled State/Eent
DurationCalculus.Fromthis startingpoint we develop
aslicingalgorithmthatwe show to becorrectin theini-
tially claimedsensei.e. from the givenpropertyspoint
of view theresultingreducedspeci cation exhibits the
samebehaiour asthe original speci cationdoes.

2 Specifyingwith CSP-OZ

—AirCondition.

We will intro- N
duce CSP-0OZ by chan work: [w?:B] ; [:i::]
i . . in = de! Work
spec!fylng an air ma‘”_ mo T " o
condition  system | \Werk= mode! Work =
asanexample. The 2 rell !ter‘r’]‘b:k sk g
system consists of 2y consumd SKIP
several components level! work! Wbrk -~
which communicate Init N
with eachother In mode: M . power
the example spec- [:]
i cation we will
focus on the actual
air condition com- | —comwork 2R
ponent.A fragment ( powe) ]
of its CSP-OZspec- w2:B
i cation is depicted workl = (w? A fuel> 5)
in gure 1.
The CSP part of [:1]
. . -
thespeci cationde- — ) "
Figure 1: Air condition CSP-OZ

nes the air con-
dition's behaiour.
This is doneby introducinga setof channelghat de-
ne the air condition's meansof communicatingwith

speci®catiorfragment



its surroundingcomponentsHow this communication
lookslikeis de ned in several CSPprocesseshatrep-
resentdifferentcommunicationghe controllercanen-
gagein. Thesemay be communicationgogetherwith
or independenof the surroundingcomponents.

The systems$ state space, its initial con guration
and operationson the statespaceare then de ned in
the speci cation's Object-Zpartby so calledschemas.
Eachschemaonsistof two parts: The upperpartmay
containa list of variablesthatarede ned in the lower
partandalist of channelghatareusedin thelower part
for incomingor outgoingcommunications.The lower
partcancontainpreconditionsvhich determinewether
theassociatedperatioris enabledr notandit cancon-
tainequationghatdescribaheeffectthattheassociated
operationhason the statespace.Schemaganbe con-
nectedto communicationsn the CSPpartbut they can
alsobeindependenfrom CSPcommunications,e. the
associate@perationsarethenpossibleat ary time.

3 Constructing the Speci cation
DependenceGraph

Following the usual approachesin program slic-
ing [HRB90], anecessarpreconditions to analysehe
given speci cationw.r.t. dependencethatit contains.
The underlyingideais to be afterwardsable to back-
track any speci cation elementthat might directly or
indirectly be relevant for componentsf the property
which senesastheslicing criterion.

Control Flow Graph The rst stepin constructing
the speci cation dependencgraphis to determinethe

speci cation's control o w graphwhich is de ned in-

ductively over the structureof the speci cation's CSP
part. Nodesof the control o w graphrepresensingle
communicationsCSPoperatorsor processcalls while

edgesof the control o w graphrepresenthe possible
control o w betweerthenodeshey connect.

Control Dependences Basedon the analysisof con-
trol dependencebetweenseparatespeci cation ele-
ments, groupsof control o w graphnodesare accu-
mulatedinto basicblocks,i.e. groupsof nodeswhich
arenot control dependenbn eachother Accordingly,
control o w graphedgesinside suchbasicblocksare
removed at this point and edgesbetweenbasicblocks
arenow regardedasrepresentingontrol dependences
in thesensedhattheoriginatingnodecontrolsthetarget
node.

Data Dependences The last stepin constructingthe
speci cation dependencegraph consistsin analysing

the speci cationw.r.t. datadependencelsetweencon-
trol ow graphnodesj.e. dependencedueto thede -
nition of avariablein onenodeandthe subsequentef-
erenceof thesamevariablein adifferentnode.Two ba-
sic kinds of datadependenceareconsideredFirst, di-
rectdatadependencghich occursbetweenwo nodes
thataredirectly connectedy a pathin the control o w
graphfrom the rst to the secondnodewithout anin-
termediatenodewith an intervening de nition. Sec-
ond, interferencedatadependences consideredvhich
occursbetweentwo nodesthat arelocatedin different
branchesf a parallelinterleaving CSPoperator Data
dependencedgescan connectdifferent nodesinside
the samebasicblocksaswell asnodesthatarelocated
in differentbasicblocks.

Speci cation DependenceGraph The speci cation
dependencgraph nally comprisesll nodeshatwere
introducedduring the control o w graphconstruction
andall edgesdeterminediuringthecontroldependence
analysisandthe datadependencanalysis.

4 Slicing

Whenthe previously describedoreparationdiave been
performedthe actualslicing of the speci cationis eas-
ily done: Initially, a setof marked nodesin the speci-
cation dependencgraphis determinedby analysing
which node has direct in uence on the property that
constitutesthe slicing criterion. Direct in uence is
presenif anodes associatedchemanameappeargli-
rectly in the propertyor if a nodes associatedchema
containsa de nition of avariablewhich appearsn the
property

After this initialisation, the set of marked nodesis
repeatedlyaugmentedwith yet unmarled nodesthat
are the origin of edgeswhich leadto alreadymarked
nodes. This backtrackings performeduntil a xpoint
is reachedandthe setof marked nodescan not be in-
creasedary more by applicationof this rule. At this
point only somefurther nodesare addedto the set of
marked nodes. Thesefurther nodeshave certaintypes
and are locatedin the samebasic block as already
markednodes.They aresocalledstructurenodeswhich
areneededo maintainthewellformednes®f thespec-
i cation slice.

This sliceis nally derivedfrom the original speci -
cationbasednthesetof markednodesn thespeci ca-
tion dependencgraph: All speci cationelementghat
correspondo unmarled nodescan safely be removed
from the speci cation. A laststepconsistdn removing
all variabledrom the speci cation's statespacehatare
notusedinsideary schemaarny more.

In orderto formalisethis slicing algorithm,asit isin-
formally describedhere,we rst de ne aformalseman-



tics of CSP-OZspeci cationsbasedon a variantof la-

beledKripke structuregLKS) [CCO* 04]. Thisis done
separatelyor thespeci cation'sCSPandfor its OZ part
which arethencombinedby parallelcompositionin or-

derto give the semanticof thefull speci cation.

Further we needto formalisethe propertieswhich
sene asslicing criteria. To this endwe useState/Eent
Duration Calculus (SE-DC), a discreteand untimed
variantof DC. With SE-DC formulaswe can express
propertiesof CSP-OZspeci cationsaswell asproper
tiesof theunderlyingLKS semantics.

Finally, the formalisationof the actualslicing corre-
spondddirectly to the informal descriptiongiven here:
Similarto thewaythespeci cationsliceis derivedfrom
theoriginal speci cationby removing certainspeci ca-
tion elementsthespeci cationslice's LKS is relatedto
theoriginal speci cation'sLKS in thatcertainstatesand
transitionsare missingthat correspondo the removed
speci cationelements.

5 Slicing Correctness

The presentedlicing approactcanberegardedascor-
rectif the following holds: The original speci cation
ful s a propertyif andonly if alsothe speci cation
slicew.r.t. to this propertyful Is this property

In the correctnesproof, which at this point is still
work in progresswe planto apply two steps:First, a
de nition of stutteringequivalence[Lam83 of LKSs
w.r.t. asetof atomicpropositionsand eventsis given
and it is shavn that the presentedslicing algorithm
guaranteestutteringequivalencebetweenthe original
speci cation's LKS and the speci cation slice's LKS
w.r.t. to a setof atomicpropositionsandeventsderived
from the propertythatsenedasaslicing criterion. In a
secondstepit is shavn thatthiskind of stutteringequiv-
alencebetweenwo LKSs is equivalentto the notion of
correctnesshatwe statedabove.

6 Conclusion

This contribution proposeghe applicationof the well
known technigueof programslicing in a differentarea,
namelyin the speci cationof behaioural anddataas-
pectsof complex systemswith CSP-OZ.It is shavn
which adaptationgreneededvhentransferringthe ex-
isting approachesf programanalysisto the new appli-
cation eld of speci cationanalysis.

Furthermorethe correctnesf the proposedalgo-
rithm is shavn basedon a formally de ned semantics
of the speci cation languageand an appropriatelogic
for expressingspeci cationproperties.

Future stepswill include the extensionof the ap-
proachto timed speci cations(CSP-OZ-DC),andtool

supporfor automaticallyperformingtheslicing of such
speci cations.Thelatterwill de nitely beneededvhen
dealingwith larger casestudiesthatareforeseerin the
projectAVACS [AVAO04] which forms the overall con-
text of thiswork.
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Extended Abstract: Comparative linear-time semarics like (maximal/ nite) trace and readi-
ness/failure equivalence have been widely consideredfor labelled transition systems (for an
overview see [vG9Q]) and also in the (discrete-time) probabilistic setting [DTH92, Seg9%.
We extend these semariics to the stochastic setting by considering them for action-labelled
continuous-time Markov chains (aCTMCs), the underlying model of stochastic processalgebras
[BG96, Hil96, NGR92]. Similar to probabilistic processestransitions occur with a certain prob-
ability. Additionally, ead state has an assaiated residene time ! given by an exponertially

distributed random variable. ACTMCs can also been seenas an action-labelled extension of
continuous-time Markov chains, a standard model usedin performanceanalysis[Ste9].

We presernt seeral equivalencerelations on aCTMCs that have, to the best of our knowledge,
not yet beende ned and analysedin this way. Although in many casesequivalencesbasedon
the linear-time structure provide the best abstraction for veri cation purposes,most work on
stochastic extensionsof labelled transition systemsis restricted to equivalencesbasedon the
branching-time structure of a process(an overview is givenin [CBWO03]). We extend the testing
seenario of [vG90, SV0J to the stochastic setting to motivate our semarics by consideringthe
following experimert:

Intuitiv ely, two aCTMCs are consideredas"equal” if they can not be distinguished by observing
the sequenceof performed actions (trace) in in nitely many runs. Assumethat an aCTMC M

is modelled asa black box (stochastic trace maching, illustrated in Fig. 1) with two information

displays and one button sucd that

0.2
time action
display display
absolute current
time action

Figure 1. Stochastic Trace Machine.

1The residenceor sojourn time of a state is the time the processspendsin this state.



the rst display shows the action currently performedby M,
the seconddisplay shaws the absolute time sincethe beginning of M 's current run,

the button resetsthe process.

The information on the displays (observation) is recorded by an external obsener and at an
arbitrary time instant she decidesto push the reset button to obsene another run. After
in nitely many runs the probability of ead possibleobsenation can be calculated: Let O be
the set of all possibleobsenations and PrM (o) the probability of observingo 2 O during a run
of M. For aCTMCs M ;M %de ne

M M%() 8020: PrM(o) = PrM%(o):

The testing scenario described above motivates seweral equivalence relations on aCTMCs by
consideringslight variants of the information given by the time display:

1. Assume the obsener records the values on the time display when an action is carried
out. The set of obsenation O = (Act R o) and PrM(ag;to;ar;t1;:::;an;ty) is the
probability to obsene the action sequenceag a; :::a, where ag is performedin [0;tp] and
a; is performed within x t; time units after the occurrenceofa; 1,1 i n?2.

2. Supposethat whenthe resetbutton is pushedthe time display shavsthe time instant where
the last action of the trace was carried out by the processand no further information is
given by the time display. Then O = (Act) R o and PrM(ag;as;:::;an;t) is the

3. Consider slight variants® of PrM (o) for the casesl./2.: (i) In casel the obsener records
the information on the time display at somearbitrary time instant betweenthe occurrence
of two successie actions. Sowe add an additional condition on the duration x between
the occurrenceof two successie actions a; 1;a; (besidethe condition x  tj) by requiring
that no further action is performedwithin the remainingt; x time units, i.e. the process
remainsin the state reachedvia a; at leastt; x time units. (i) Considera similar variant
of 2. The time display shows the absolute time when the reset button is pushed. Let
PrM(ag;as;:::;an;t) be the probability of performing ag;as;:::;a, within x t time
units and remaining at leastt x time units in the state reaced via an.

4. Considerthe stochastic extension of failure and readinessequivalene [DTH92, vG90].

Relationships between semartics that identify processeswith behaviour "equal” on a certain
level of abstraction turned out to be helpful for veri cation purposes.Hence,we examineif one
equivalencerelation makes (strictly) more identi cations (is " ner") on aCTMCs than another.
Our contribution consistsof the following three results:

2The probabilit y of performing a; exactly t; time units after a; 1 equals zero, sothe cumulativ e probabilit y is
consideredsimilar to the operators in the contin uous stochastic logic describing transient properties [BHHKOO ]

3This de nition of Pr™ (o) is similar to the de nition of transition probabilities widely used in performance
analysis [Ste95.



Casel. is ner than case2.,

Casel. is equalto case3.(i) and 2. is equal to 3.(ii).

Failure and readinessequivalencecoincidein the stochastic setting (asin the discrete-time
casebut opposedto the nonprobabilistic case),but ner than casel. (2. resp.).
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As embedded systemsbecomemore and more complex, early availability of
unambiguous speci cation of their intended behaviour hasbecomean important
factor for quality and timely delivery. Consequetly, the quest for automatic
analysis methods for speci cations arises. This quest becomeseven more pro-
nouncedif speci cations are to be formal, becauseformal speci cations are often
found to be particularly hard to write and maintain, such that decision proce-
dures for entailment between speci cations, satis abilit y of speci cations, etc.,
may be extremely helpful in their designprocess.The price to be paid for suc
proceduresis, however, a rmly constrained expressivnessof the speci cation
formalisms: onehasto sacri ce all elemeris that could giverise to undecidability.

Howeer, the logically motivated notions of entailment between speci ca-
tions, satis ability of speci cations, etc., have often been criticized from an
engineering standpoint, as their validity or invalidity may well depend on the
exact values of certain constarts (e.g., the exact length of a steering rod rel-
ative to the exact distance of two joints), while any technical realization of
these constarts can only be approximate. In system design, the role of any de-
cision problem prone to changing its truth value under arbitrarily small vari-
ations of constarts may be consideredquestionable. Based on this insight, re-
seard hasin recert yearsaddressedmore \robust” notions of property satisfac-
tion, where a property is consideredto be \robustly (in-)valid" i® it does not
changeits validity under small variation of constarts and/or valuesof variables
[GHJ97,Pur98,FrA99AB01,FrA01,Rat02a,Rat02b]. The ultimate hope is that,
besidesbeing more relevant to engineering problems, such robust notions en-
hance decidability as, e.g., existence of non-computable reals cannot in°uence
their validity.

With respect to embedded system design, such robust properties have by
now mainly beeninvestigatedin the automata-basedmodeling context. Starting
with Gupta's, Henzinger's, and Jagadeesan'{GHJ97] as well as Puri's [Pur9§]
investigation of timed automata, the ideahashbeento exploit topological proper-
ties of systemsin order to obtain robust answers. Asarin and Bouajjani [AB01]
have applied this approac to reach set computation of, a.o., hybrid automata
and Turing machines. FrAnzle intro duced a variant thereof in [FrA99 by apply-
ing the conceptto decisionproblemsabout hybrid automata instead of read-set
computation, e.g.invariance of a rst-order property over hybrid states [FrA99

? Email: mf@imm.dtu.dk Phone: +45-45257512 Fax: +45-45930074.
?? Email: mrh@imm.dtu.dk Phone: +45-45253727; Fax: +45-45930074.
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or progress[FrA01], thereby obtaining decisionproceduresthat succeedn all ro-
bust casesgeven such which are undecidablewrt. non-robust notions of property
satisfaction.

Independertly, constraint solving technology for numerical constraints over
the real numberswasdeveloped that has perfectly corresponding properties: one
can solve otherwise undecidable constraints (containing functions over the real
numbers other than polynomials) , provided they are robust, in the sensethat
their solvability doesnot changeunder small perturbations of the constarts the
constraints cortain [Rat02a,Rat02b,Rat02c]. Evenin casesvhere constraints are
decidable, robust constraints can generally be solved much more exciently.

In this talk, we unite above two lines of researt by addressinglogical models
of embedded systems. We provide a robust interpretation of a very expressive
metric-time temporal logic, Duration Calculus (DC) [ZHR91,ZH04], and showv
its equivalenceto a multi-v alued interpretation that usesthe real numbersasse-
mantic domain and assignsLipschitz-contin uousinterpretations to all operators
of DC.

We de ne a formula A to be robustly valid i® not only A itself is valid (in
the classical senseof DC), but there additionally is a real number + > 0 such
that all formulae A° that di®er from A only in a change of constarts of up to
§ + are valid (again in the classicalsenseof DC). The fundamertal idea of the
multi-valued semantics on the other hand, is to assignto ead (sub-)formula A
and ead valuation %o0f its free variables a real number MV [A](%), where

{ the sign of MV [A](%) signi es whether A is satis ed by %:or not, and

{ the magnitude of MV [A](3) correspondsto the maximum permissiblechange
of the constarts occurring in A that keepsA's satisfaction properties over ¥
unchanged.

le., if jMV [A]l(%)j = c then all formulae A that di®er from A only in a change
of constarts of up to § ¢ correspond to A wrt. %in so far as either both A and
AC are satis ed by ¥ or both are not. Intuitiv ely, jMV [A](3)j is the robustness
margin of Awrt. % sud that the multi-v alued semartics and the notion of robust
validity are in direct correspondence.

An analysisof MV [A] revealsthat the multi-v alued semartics assignd.ipschitz-
corntinuousinterpretations to all operators of DC. This Lipschitz-contin uity pro-
vides a handle for a plethora of approximabilit y results. I.e., unlike the classical
two-valued interpretation, truth valuesin the multi-v alued interpretation can
be approximated in various ways, someof which are algorithmic. In particular,
there is a discrete-time approximation of the multi-v alued dense-timeinterpre-
tation of a formula. As interesting subsetsof DC are decidableover discretetime
[Han94], yet undecidable over densetime [ZHS93ZH04,FrA04], this can provide
novel approacestowards tool support for dense-timeDC.
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Implementingstrongerencapsulatiofor Java-like
languages
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Abstract

Encapsulatiorin object-orientedanguageds understoodo meanhiding the internal
representatioandforcingtheuserto accesshemaintainedatathroughthepublicinterface.
The problemis thatvia the publicinterface ,onecanimportandexport referenceso partsof
theinternalrepresentationin currentOO languagesthis problemis nottackled.

One canseekthe solutionfrom two directions: (a) Avoiding to provide a referenceto
aninternalpart, or (b) makingsurethatthroughadditionalreferencego theinternalrepre-
sentationpnecannotbreakinvariantconditions.Considera binary searctireeandthevery
naturaloperationof giving out accesdo the left subtree. Following (a) would meanthat
eithera copy of the whole left subtreeis made,or one cannothave a referenceo the left
subtree Neitherof the solutionsseemsacceptable.

We follow theotherpath,andconsidersharingreferencesafelyto bedesirable Sharing
is a fundamentaprogrammingconceptin objectorientedsoftware design,andoneshould
not try to avoid sharingbut ratherto control the possibleeffects causedby sharing. Pre-
viously Knieseland Theisen[1] have consideredhis problemand studiedextendingJava
with transitve read-onlyrestrictionto references.Their solutionis staticin the sensethat
compilercancheckthe correctusageof transitive read-onlyreferencest compiletime.

We have implementeda muchmoregeneralextensionof protective referencesandim-
plementedt with respecto theforthcomingJava 5.0. In our extensiononespeci esobjects
to have namedabstractpropertiegfollowing [2]). Methodsare speci ed to have an effect
to someof thoseabstraciproperties.Thereis alsoa way to expresswhethera methodex-
posesa referenceo someinternalpart. The type systemis thenextendedwith expression
immu(<regexpr>) X, wherearegularexpressiorcharacterizethoseabstracproperties
thatareprotectedrom thetransitive closure(reachedsia referenceof the basetype X).

In our implementationthe immu-expressionscan be appliedto any type expression,
even to type parameter®f genericclasses.Basically eachimmu-expressioncorresponds
implicitly to a certainkind of supertypeof the basetype. Thus, the checkingof object
integrity, whenproperly using protective referencesreducego type checkingthat canbe
doneat compiletime.

We haveimplementeduchtypetypecheckingmechanisnof themodi ed Java5.0. With
our constructionsit is possiblewrite sucha classrepresentindinary searchtreethatit is
safeto give outreferenceso e.g.theleft subtree By safetywe meanthatvia suchreferences



one cannotbreakthe orderinvariantof the whole binary searchtree. Our implementation
essentiallyprovidesoneimplementatiorfor theideasof [3].
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In this paper we compare two interpretations of Abadi and Cardelli's rst-
order object calculus [1] (i.e. atyped operational semantics of objects with
method update). Thetwo interpretations are split-method interpretation [2, 4]
and self-application encoding [6, 3]. The former has well-known support for
subtyping, whereas in the second interpretation depth/width subtyping has
known problems. However, as we will demonstrate in this paper, the two
interpretations arerelated and a self-application semantics givesusarecursion
principle that can be used for programming with objects. To thisend, we give
wrapper classes for algebraic datatypes, and instantiate the recursion principle
for these wrappers.

Thispaper isbased on work reported previously in [5]. However, we also com-
pare self-application to split method interpretation, and give more (Haskell)
examples of Freyd's direcursion applied to object types.
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Abs tract

Distributed applications sucd as critical infrastr ucture are natur ally modeled by con-
current objects. However, current object oriented programming languagesdo not capture
the distribut ed setting equally well, resulting in low-level and error-prone programs. Reas-
oning about concurrent programsin theselanguagesis at best very challenging.

Intuitive high-level programming constructs are neededto unite object orientation and
distribution in a natural way. The Creol language attempts to addressthis issue. In this
paper, we show how a proof system for Creol programs may be derived from Hoarerules
for standard sequenial programming constructs, capturing the highly non-deterministic
behavior of distributed concurrent objects

Object oriented languagesmay be critisized for their approad to distribution and con-
currency. In particular, it is very cumbersome to capture typical distributed communicating
systems, such as peer-to-peer le sharing, at a high level of abgraction.

Furthermore, the current model of concurrency found in languagessuch as Java makes
reaoning about code very challenging [1]. Intuitiv e high-level programming condructs are
neededto unite object orientation and distribution in a natural way [2 4,12]. The Creol
language [6, 8] proposes programming condructs for concurrert objects based on processor
release points and a notion of asyndronous method calls. A concurrert object hasa dedicated
procesor for local computations. T his allows Creol programsto be highly non-determinigtic,
re ecting the non-determinism of the distributed system, and very exible with regardto the
order in which computations are preformed. Still, Creol programsare fairly intuitiv e and eay
to underdand, avoiding explicit scheduling and low-level signaling medanisms in the code.

Procesor relea® points are used to in uence the implicit internal cortrol ow in the ob-
jects This reducestime spent waiting for repliesto method callsin a distributed ernvironment
and allows objects to dynamically change between active and reactive behavior (client and
server roles). The Creol language has a formal operational semantics de ned in rewriting
logic [9], in which method calls are re ected by pairs of asynchronous messages[5,7], allowing
message overtaking. The reault extends programming with so-called future variables[12]; the
caller may corntinue its computation until the return value of the call is explicitly neededin the
code. If the reply hasnot arrived at this point, the object must wait  unlessit can proceed
with other pending computations. For this purpose, the future variable programming style is
extendedin Creol by introducing interleaved method evaluations in objects This is done by
de ning potential procesor releas points by meansof inner guardsin method bodies

In this paper, we show how a proof system for the Creol languagemay be derived from
Hoare rules for well-known sequertial programming condructs by meansof an encading of



procesor relea® points and asynchronous method calls into the sequertial setting. For reas
oning purposes objects are extended with local variables re ecting the non-determinigtic
interleaving of object activity. The derived rules are su cien t for partial correctnes reas
oning. The approad extends to parallelism by the represenation of nite communication
histories as local program variables and a rule expressing that di erent local communication
histories are compatible [10,11]. The represenation of communication in history variablesres
ults in a compositional proof system: for reasoning purposesit is su cien t to consder oneclass
at atime. The approad isobject oriented in the sense that local program variablesare encap-
sulated and only available for local reasoning. The local history of observable communication
provides an abdract view of an object's internal state. External and compoasitional reasning
is based on the observable behavior of objects The proof rules egablish a set of possible local
histories in a bottom-up manner from program code. This set can be used to verify that the
program code correctly implemerts a speci cation of observable object behavior, following a
speci cation style and re nement relation based on observable behavior [5,7].
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Abstract

Recertly timed automata technology has been successfullyapplied to
the modelling and solution of seweral real time scheduling problem. Com-
pared with traditional approaches{ such asLP and MILP { the useof an
automata basedapproach makesit much simpler to model complex logical
constraints. Also the solution method { basedon reachabilit y analysis and
model cheding { seemvery di®erernt (and ezciency-wise incomparable)
to traditional approaches.

In order to addressoptimal scheduling problems the basic timed au-
tomata model has been extended with one additional contin uous variable
{ cost{ which may grow with di®erert rates in di®erert locations.

In the talk we shall intro duce investigate the resulting model Priced
Timed Automata. We shall review the rst positiv e results for this model,
namely computabilit y of optimal reachability as well as datastructures
allowing for excient computability. Also, we presert ongoing work on
optimal in nite sdedules as well as optimal dynamic scheduling using
Priced Timed Automata with controllable aswell as uncontrollable tran-
sitions. To addressthe ever-presert problem of state-explosion a notion of
re nement betweenPriced Timed Automata is intro duced allowing (opti-
mal) scheduling problems too complicated for analysis to be replaced with
simpler and more abstract ones.
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Abstract

The work focuseson the analysisof an exampleof synchronousystemscontain-
ing FIFO buffers, registersand memoryinterconnectedby several private and shared
bussesTheexampleusedin thiswork is basedn a Termaradarsystenmemoryinter-
facecasestudyfrom theIST AMETIST project[1].

More generabpplicationdomainof thiswork is targetedat abstractiorandanalysis
methodghatenableo extractschedulingoroblemsrom anattributedcomponentnod-
els.An overview of thecomponentodelof the memoryinterfaceboardis givenin Fig.
1. The purposeof the boardis to performcomputationsn the streamsA andB using
previousvaluesin thestreamsandpreviousvaluesof computation®n thestreamsThe
requirementor correctoperationof the systemis thatnoneof the buffersnor registers
shouldneitherbe stanednor over owed.

Thesolutiondescribedn this paperdiffersfrom the solutiondescribedn [2] in the
following aspects:

— The solution presentedn [2] involvesusing SMV [3]; the currentsolution uses
Uppaal[4] asthemodelchecler;

— In [2] the schedulefor the exampleis reachedusing a parameterizednodel as
modelcheckingthefull systemwasinfeasibledueto statespaceexplosion.In the
currentapproachthe Uppaalmodelof thecomponensystemcontainsabstractions
thatenablethe scheduldo be synthesizedor thewholesystem.

The currentsolutionbuilds on Uppaalas an explicit statemodel checler and ex-
ploits bit-statehashingasthe modelchecler provided memoryconsumptiorreduction
techniquefor nding schedulesClocksareusedfor boundingthe depthof the search.
The main characteristicef the systemmodelledin termsof Uppaalautomataarethe
following:

— Thestateof the buffersandregistersis representetly integers.

— To modelsynchronicityall variablesrepresentindpuffersandregistersareupdated
on onetransitiondiscardinga greatdeal of interleavsingsthatareirrelevantin this
contet. Thereis a separatevariablerepresentinghe behaiour of the arbiterthat
controlswhich registercanaccessnemoryatatime.

— Thegranularityof timeticksis alignedwith thedurationof atransferontheshared
bus. The buffers and registersare updatedby relevant multiples of bytesat the
beginningof eachsuchabstractick.
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— The schedules foundusinga E  query andrelevant parameterso the Uppaal
baclendverifyta

The existenceof a solutionto this problemunderfurther restrictionson resources
yieldsoptimisationasa by-productof formalanalysisThe contribution of theworkis a
wayto partitionthe probleminto independensubproblemshatenableto abstracaway
detailsthatareirrelevantwith respecto the concurreng issuewhile still guaranteeing
correctbehaiour in the concretesystem.
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Abstract

By using Bayesian networks we give a system description of a
behavia and welfare sensoy system intended for pig produc-
tion. We use our knowledge of system to build a dynamical
model that results in a simpler update function on the proba-
bilities of the system states. The proposed update function is
simpler compared to task of updating all possible potentials in
the state space. In order to implement the model, we consider
two compact data structures. Both structures are dependent
on how the state spaceevolvesand we give our considerations
on why we expect the data structures to work.

1 Intro duction

Modern pig production is moving towards evergrow-

ing production batches using the same number of

farmers. This givesthe farmer lesstime to monitor

the pigs health and growth status. For severalyeas

automationin pig production hasbeendevelogdand
deplo/ed. The current control systemsact as climate
controllersand is as suchunaware of the welfare and
behavig of the pigs. A climate control systemsuses
temperatureand humidity to measureghe climateand
usesair fans and air intake valvesas actuatars. Fur-

thermare, heatingandwater sprayingmechanismsan
alsobe deplged as actuatars in pig barns.

As stated ealier the farmer is still very much in-
volvedin the production of the pigs sincehe hasto
monitor and control all non-climaticin uencesin the
pig production cycle. This is also called\Human in
the (control) loop", and is presentinga problem as
the farmer gainsmore livestack to administer.

To aid the farmer, the notion of a welfare loop is
develogd. This consistsof a sensoy systemthat
can produceinformation on the current behavie and

welfare of the pigs. Along with the sensoy system
a welfare controlleris neededsuchthat there can be
actuatedaccadinglyto the resultsof the sensoy sys-
tem. The objectiveis that the farmer canleavesome
or all of the welfare control, to the welfare controller
and sensoy system. This enablesthe farmer to con-
centrate of the higherorder pig production cycle.

We are concernedabout the developmenbf intel-
ligent senso networks systemssuchthat the welfare
loop candevelogdandclosed. The primary goalisto
developan estimate of the pigs behavia givena set
of sensoy inputs. In the remainderof this abstract
we presentan outline for representingthe systemand
expandingthe systemmodel with the requiredin u-
enceof past events. We then give pointersto which
e cient and compactdata structureswe planto use
in an implementationand why we believetheserep-
resentationgo be feasible.

2 Representing the Welfare

Loop

A basicclimate and welfare control loop is presented
in Figurel, and representsall componentsof the sys-
tem. Eachbox in the gure denotesa state change.
The system uses severalvariables which represent
state con gurations. Time is usedin a discreteman-
ner and representedwith n.

The box denoted A, hastwo inputs, namely U,
the currentactuation and X ,, the current state of the
barn climate and pig welfare. As an output of this is
Xn+1 the climate state and pig welfare for the next
time step. The current state of the pigs welfare and
climate is monitored, this processis representedwith
the box C that hasthe output variable Y,,, whichis
the current set of senso measurements.The senso
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Figure 1. SystemBlok Diagram

measurementss fed into the controller, represented
asbox D. The controllerstarts a newactuation cycle
basedon the senso measurementsnd outputs a set
of actuatar signalsdenotedas O,. The nal stepin
the loop is the actual actuation representedby the
box B and the output is the new actuation levels.
Giventhat we annotatethis systemwith probabilis-
tic dependenciesve get the following exgessions:

Pa(XnjXn 1;Un)
Pg (UnjOn)
Pc (YnjXn)
Po (OnjYn)

@)

What can been seenfrom the equationsin List-
ing (1), is that we have given a description very
simila to Bayesian network [1]. Listing (1) is an
expessionfor how we see sets of discrete random
variables being related, e.g. could X be X =
(Temperatur e;H umidity ; PigStress). Specifying
Bayesian networks is a delicate task, since it in-
corporates speci ¢ domain knowledge, e.g. how
does the temperature and humidity a ect the stress
level of the pig? We can formulate this as e.g.
P (PigStresgTemp;H um) or just the simultaneous
probability distribution P (PigStress;Temp;Hum).
It ismostcertainlypossibleto constructBayesianNet-
works for climate/welfare loop model, but the cor-
rectnessof the model hasto determinedwith aid of
domainexperts.

We still needto accountfor the dynamicparts of
the model, which basicallygivesus a Partially observ-
able Markov DecisionProcess[1]. This can givesus
severalproblemsof intractability if we haveto con-
siderall past state con gurations, this is also shovn
in [1].

3 Towards Embedded Platfo rms

We havegivena descriptionof the welfare loop, even
though this descriptionmay becometroublesometo
use,due to growth of the state space. This problem
is rather relevantsincewe consideran embeddedand
possiblydistributed, target platform.

Current techniquesusedin Bayesiannetworks for
updating probabilities,suchas Junction Trees[5], are
e cient but canbe rathermemay andprocesso con-
suming. Other classeof algaithms suchas anytime
algaithms partially solvessomeof problems,but at
the cost of precision. The main issuehere,is that we
intend to useour knowledgeof the systemmaodel to
build a speci ¢ probability updating function for the
dynamicsof the system.

The simultaneous probability  distribution
P(Xn;Un;On;Ynji:) where we sa repre-
sent all prior state con gurations, descrikes the
probability of all statesgiventhe past state con gu-
rations. If we can computethis for eachtime step,
we can estimatethe current state of the welfare and
climate.

First it shouldbe noted that U and O are known
i.e. we can sg that we have evidenceon thesevari-
ables. Becauseof this we can state them as vec-
tors where all places are zero except one. With
this information at hand we can start manipulating
P(Xn;Un;On; Ynj:::) suchthat we can seewhich
calculationswe must perfarm for eachtime step. We
denotethe entire state spaceasa matrix A, this rep-
resentsthe distribution P (X ;Un; On; Yn) andtime
stepn = 0. To calculatethe next time step we say
that the current probability of all statesis the vec-
tor P, suchthat we can calculateP"** asP"*! =
A" PN The last thing neededs to shav how we
intend to calculate A"*! | this is shovn as Equation

().

A = P(Xn+1jXn;Uy)
unp2U

P(UnjXn;0n) P(Gijyi) P(YijXi)

)

This calculation may look daunting, however recall



that severalof the variablesare know i.e. we have
evidenceon them. With the marginalization of U
the expressionis rather small compaed to what we
started with.

With the systemupdate function descrited as a
vecta/matrix multiplication we needto considerhow
to perfarm the matrix/vector multiplicatione ciently .
For this we considertwo well known methads for rep-
resentingmatricese ciently . The methods we con-
sider here are Probabilistic DecisionGraphs[4] and
Multi Terminal Binary DecisionDiagrams[6]. Both
of thesemethads rely on the matricesrepresentedare
spase. It is dicult to be preciseabout how suc-
cessfull thee two methads will be, but we o er the
following thoughts about the systemstate space.

The largest part of the state spaceconsistsof the
climate variables and the pig welfare variables. To
considerthe later of these rst. We know that pigs
have a group behavia, that is, as a group the pigs
normally engagein the sameactivities at the same
time. This couldbe e.g. feedingactivitiesor sleeping.
Evenwhenwe consideroutliersfrom this observation,
the pigsstate spacematrix shouldbecomereasonably
spase. The only problemis that we expect the pigsto
changebehavia abruptly, if exposedto suddenstress.
We can descrite the climate systemas a set of dif-
ferential equations,it is in fact this descriptionthe
climate controlleruses.From this setof equationswe
can calculatethe climatesmaximumrate of change,
whichgivesus rm ideasabout how fast we canmove
around in the state space. We do not expect abrupt
changedn the climate state, so within the maximum
changerate of the climate systemthe rest of the cli-
mate stae spaceshouldbe spase.

The state spaceconsiderationsan not be seenas
anything but estimates. As with all other BDD like
heuristics,test and tuning on realworld datais essen-
tial.

4 Results

BayesianNetwork modelshasbeendevelogdand are
currently in the state of being revisedthrough inter-
action with domainexperts from Skov A/S [3]. Most
of the connectingprobability theary is in placeandis
readyto be implemented. The Bayesianmodels we
have develogd are made with the decisionsupyort
tool Hugin [2]. We use Hugin to build the starting
probabilitiesof A, which givesus a practical way for
specifyingand doing smallteststo obtain better cor-
rectnessof the probabilitiesused.

Our next goal is to implement, test and evaluate
the calculationsand data structuresdescriled ealier,
befare we can say anything conclusiveabout the va-
lidity of the ideaspresented.

5 Future Work

We havenot touchedupon how we actually intent do
perfarm decisionmakingbasedon the probabilitiesfor
eachtime step. Our goalis to include someform of
utility support in the structure aswell, eventhough it
is the job of the control systemto make any decision.
The proposedsystemcould also be usedto do fault
detection and location, exactly how this should be
incarporated must be consideredurther.

There are severalother issuesthat needto be re-
solvedbefare we canstart doinganyrealworld testing
of the proposedsystem. More sophisticatedsenso
systemsare needed thesecould be build from vision
or soundinputs. We are in the processof developing
such systems,but their feasibility are still untested.
More over a generalarchitecture for the senso net-
work is to be develogd. We haveto considerhow
we can integrate smaothly into alreadyexisting sys-
temsand nd suitable hardware platforms to deploy
the systemon.
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Introductio n

We conside finite connected undirectegtapts as amodel for conputer netvorks.
The nales ¢ sudh a graph represat the computers,while the edges ahd for he
communication links. The nodes may have unique labels calledidertities (ardered or
not). Otherwise the network/grgph is caled ananymous.

In anonymousnetvorks cetain problems have o solution if we use bcal methods
the exarple of sut a problam is election,i.e. the piocess of establishing a ‘cerre’
(or a‘leade’) node n anetwork.

In this pgper we present a ron-global model of conmputations hat makes posdile
the soltion b the ekcion poblemin an amnymousnetvork. We abko prove that the
model hasthe conputational power of global approat while maintaining advatages
of the local methodology (e.g possikility of distribution of the canputation). We call
the nmodel ‘semi-local’.

The problem and related results

In [1], D. Angluin presaited a model of local conputations, h which the processrs
with the sane number d conmmunicaion ports are regaded identical. The
computation starts withsettirg samne uniform initial stae for all the processors irthe
nework ard dter that, the procesas exeate te sane protocol, whose behaiour
depends m their states andhe nunber of néghbours (i.e. tsed conmunicaion ports).
The aithor has investgated limitations d sud a model and found a connecton
bewween the notion of covering (known from topological grgph theay) ard the
limitationsof the nodeldefined. Besides,the auhor distinguished a classof networks
called ‘centered’, which is of our paricular interest

The ‘centered netvork has exady one pocesso, which is caled a ‘cente’ or a
‘leader’ and the process transbrming a netvork to ‘centred’. The electionproblem
is particularly interestingdue to the fdlowing facts:

1 This workis sipported ly resouces ofKBN during the years 2@4-2005 as regarchproject.



the power of dcal conputations in netorks with a dstinguished leader is he

sane as he paver of global protocols,

the electim task is corceptally simpler than its equident prablens (e.g

enuneraton or finding aspanning treg,

no unversal stution to the problem exsts for the general caseof anaymous

graphof unknown stricture (usirg local canputatiors).

Seveal spedic solutionsto the electioprodem already exist. fie interested reder
is refered to [2] ard [10].

Onegroup of protocols uses raomisaton - asin [3]. Another group baseson the
assunption that the retwork’ s nales have unique andlinearly aderedidentities.

All the solutionsfor anonymous networks assune speciic stucture of the nework
andinclude protocols for complete graghsand treeq1], graphs called wsaics [6] ad
covaing-minimal graghs wih a priori known size [7, 8.

Genaeally, all solutions (hatdo notuse radomization) usesome global knowledge
about the graph(e.g unigue comparable idertities, size, secific stricture). This, they
canbe sean as trangemring one kind of global knowledgeto another by local means.
We are iterestedn apurely local sdution that usesno global knowledgeat all.

The aubors of [4] chaacterize the failies of grgphs, in which the distributed
election is posside. This work seers to erd ary further discussion andclose all
possitlities of further researchAccordng to the auhorssame dobal knowledge is
essetial. Howe\er, the question arises whetlr it is posside to modify the local
model so that the sdution to electim is posside andthe main advantages  local
methodblogy are preseved.

Our contribution

The local canputatiors have three main properties: (3 they change only labeling, nat
the grap itself, tre lakels are clanged (2) only in locality regons (connected
subgraphs) of fixed sie?, ard (3) only using information stored inthe regions.

Breaking ome of the @ove postulates badsto a rontrivial extension of the paver
of computation [11, 12], yet the main advanages 6 local computations ae lost easly.
In this pape we @mme up with an etension which seers o be agood conpromise
betweenadvantagesof locality ard the power of computation.

In our model we resene (1) ard (3), bu we gve up the requirement for alocality
region to be asubgraph of fixed size. Theraionak follows below.

While considering the distributed conputations, we gaerally do notobject to the
appoximation of global knowledge beng gahered bylocal means— by merging and
spreadng the knowledg storedin the locality regons (onthe corrary —this is the
goal or side-effect d many distributed algaithms). On the aher hand, the locality
regions henseles are fted during te run o any protocol. Once used ad
recognsed the locality regons remain separated after eachstep ard their stricture
staysunknown to the regions rearly. We might notice that at the eraf each step the
knowledege abait the stricture ofunderlying locality regian is clearedand ignored

2 by ‘size’ we mean numbef nades, diameteor radius ofthe subgraph,



while other knowledge & preserved and usd in the net steps. he reasams d this
duality are na clear.

Typical locality regions ae bals of radius 1 (anode with its neighbours). Our
intuition is that in addtion to peforming a sép of sone protbool, a nale dravs
forward links betveen neghbours, thus nerges ts surrounding bals into one The
processstill conforms to the intuition of a lacal canputation — the algaithm starts
with balls of radus 1 as l@al units andthe mergng step act laally, tao.

Using this methoddogy we presen a sentlocal electim algorithm ard prove its
properties,presened inthe formof the following propositions:

Lemma 1. The number of seps of ar algorithm is bounded byn®, wheren is the
number of nodes irthe graph.

Theorem 1.The algorithm is correct, i.e. isolvesthe eledbn problem

We alsoget amore general restt:

Theorem 2.ewery (global) relabeling rangormation (or algorithm in general) can be
simulated by means 6 seni-local conputatons

By global relakellin g transformations we neanthe ores hat are nbrequred to satisfy
postuates (2 or (3).
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In tro du ction

Programveri cation techniquesprovide a meansto guarantee that sourcecode programsare correct with
reped to a formal speci cation, and have been usal extensively for showing functional or behavioral
properties of programs. Furt hermore, program veri cation environments, basel on automated or interac-
tive theorem provers, have been developed to aid the deweloper in verifying the program corredness.

However, the bene ts of source code veri cation are not immediately exploitable in the context of
mobile code, in which the code consumerdownloads a compiled program originating from an untrusted
code producer.

The goal of this work is to bring the bene ts of program veri cation techniquesto the code consumer,
by developing a proof-carrying code (PCC) architecture [1] in which:

{ the code producer writes a program A, and annotatesit with speci cation S, and then builds a proof
P that A abidesby S using an interactive veri cation ervironment, and nally compiles the program,
its speci cation and its proof, thereby obtaining a compiled program A, a compiled speci cation S,
and a compiled proof P;

{ the code consumer retrieves A, S, and P, and then veri es, with the help of P, that A obeys S, and
n ally, if the veri cation is sucaessul, exeates A.

In order to egdablish the feasbility of such approac, we consider a simple imperative language and
its corresponding asembly languageand address the following points:

1. we dewvelop a programming logic, and a weakest precondition calculus for the asenbly language,and
we prove that they enjoy the same properties as their counterparts for the source language;

2. werelateHoaresped cations of the source languageto speci cation s of the assenbly language and we
shaw that compilati on preseves provabilit y w.r.t. Hoarelogic and weakest precondition . Moreover, we
show the stronger property that the relation\ P provesthat A satis es S" is preserved by compilation.

These results, while not unexpected, lay the foundations for a PCC architecture that brings the
bene ts of source code veri cation to the code consumer, and form the theoretical bass of a larger
project that aims at secure dynamic component update for Java-based operating sysems.

For the purpose of this paper, we adopt a simpli cation w.r.t. Java, namdy local variables are treated
in a similar fashion at the source and asenmbly level. We can show, that compilati on and the weakest
precondition calculi commute up to syntactic equivalence and that both the compilation of proofs and
sped cation s is identit y.

In the rest of this extended abstr act, we will concertr ate more thoroughly on de<ribing the weakest
precondition calculus for a low level language

Related work Our work is mog closely related to the work of G. Necula and P. Lee on proof-carrying
code, see e.g. [1], but intends to go beyond the veri cation of safety properties by relying on functional
sped cation s and interactive veri cation at the source code level. Also closdy related to our work is the
work of X. Rival [2] that uses abstract interpretation techniquesto infer invariants at the source level
and compile theseinvariants for the target level.

Furthermore, there have been a number of studies of programming logics for low-level languages.
In particular, C. Quigley [3] has recertly proposead a Hoare-like logic for a fragment of the JVM and
N. Benton [5] has recertly proposeda typed logic for a stack-based assenbly language However, their
work does not consider weakest preconditio n calculi, nor the relationship between programming logicsat
the source code languagewith programming logics at the assembly language.



The weakest precondition calculus for assembly language

The simple asenbly languageused in this study includes basic operations to manipulate the stadk, as
well as conditi onal and unconditi onal jumps. The s& of instructions is de ned as follows:

i ::= prim op primitiv e binary operation

j pushn push n on stack

load x load value of x on stack

store x store top of stack in x

if | conditional jump to program point |
goto | unconditional jump to program point |
return end of program

where op is a primiti ve arithmetic operation +; ; ;::: comparson operation <; ;=;::: or logical
operation (all considered asarithmetic operations), and x ranges over a se X of variable names,n ranges
over Z and | ranges over N.

The assetion language used for annotating asenbly programs is a standard rst order language,
with the notable di erencebeing in arith metic expressons, where two special variables stack and top
are introduced for reasoning about the stack. The variable top represents the size of the stack in the
current state, while the variable stack can be thought of asan array used for the abstract represertation
of the operand stack. Thus we canrefer to the topmost element of the stack via stack(top), to the second
element in the stadk via stack(top 1) etc. The sd of arithmetic expressions is de ned inductively as
follows:

se::
a

topjse 1
njxja; opayjtopj stack(se)

The assertion languageis de ned inductively as follows:
P;Q ::= a; bopayjtrue jfalse jP_QjP) QjP"~"Qj: P jox:P j8x:P
where bopis a comparison operation.

The calculus. The main obstade in de ning the weakeg precondition calculus for the assenbly language
is the unstr ucturedness of code due to jumps. Here, it is addressed by dividing the code into a set of blocks
(a block being a sequence of assembly instr uctions), where each block ends with a jump instruction, and
thereg of the block (a sub-block) cortains no jump instructions. As jump instru cti ons we considerboth
if 1 and goto I, but alsoinstructions directly followed by an instruction with label | (i.e. the target of
anif | or goto 1). For simplicity, we consider the latter caseasif there was an extra goto instruction
leading to that label in the end of the block.

This way, a program can be de ned as a sequenceof blocks, with a predecesor relation de ning an
order on them. In casethere are circular references between blocks, loop triples of the program can be
calculated, ead trip le constituti ng of a loop conditional, a loop body and a loop predecessor (a block
leading to the loop conditional). An invariant hasto be asociated with each loop condition al (seesedion
Compilation). This context information will be used when calculating the weaked precondition of a
program.

The calculus is de ned on two levels, rstly for sub-blocks and seondly for full programs (the latter
consideredas a sequence of blocks).

In the following, we will use i’ to denote the sub-block of block b. P[a; a,] will denote the
substitution of all ocaurrences of a; in P by a,. The weakest precondtion wps of sub-block b with
reped to pogcondition ' is de ned asfollows.

wps(B2;19;" ) = wps (I8 wps (B; "))
wps(push n;' ) = ' [stack(top) n;top 1 top]
wps(prim op;' ) = ' [stack(top)  stack(top) op stack(top 1);top top 1]
wps(load x;') ="' [stack(top) x;top 1 top]
wps(store x;')="'[x stack(top);top top 1



Using the above de nition of wps, we can now de ne the calculus for blocks. Taking post as the
pogcondition of the program and by the i-th block of the program we calculate the weakest preconditi on
" of theblock by in the following way.

If thelast instruction of by is

{ return , then
"1 = wps (I, post)

{ goto |, then
Y= wps(BPt i)
{ if I, then
" = wps(k; stack(top) 6 0) ' i+ [top top 1]~ stack(top) = 0) ' [top top 1))
where
1."y =1,if b is aloop conditional and b is the loop body
2. =1~ (1) '), if b isaloop conditional and by is its loop predecessor.
3. "y ="' otherwise.

Looking at the above cases: the rst caseimpli es calculating the weakest precondition of the loop body.
In the second case,the weakest preconditi on of the whole loop is constructed { the invariant together
with the proof obligations. It is analogouws to the weakest precondtion of aloop in a higher level language:
for a while loop with body c, conditi onal b and post-condition p, the proof obligationsare!l ~ : b) p
and | ~ b) wp(c;l).

The wealkest precondtion for a sequenceof blocks is de ned by

wp(by; bp; post) = wp(lby; wp(by;* )):

Compilation It is trivial to show that compilation preserves provability of Hoare trip les under the
assimption that compilation preseves operational semantics. Likewise, it is eay to see that weakest
precondition calculi coincide up to logical equvalence. Unfortunately, logical equivalenceis too weak if
we intend to use proofs produced at source code level for cheding sped cation s at the level of compiled
programs When considering a non-optimizing compiler, we can show that compilation and the weakest
precondition calculi commute up to syntactic equivalence and that both the compilation of proofs and
sped cations isidertit y, meaning that th e pre- and post-condition s and invariants can be copiedverbatim
to the assambly code.

Con clusions

We have dewveloped a programming logic and a weakest precondition calculus for a simple asembly
languageand shown that under mild assumptions compilati on preservesweaked precondition calculi and
provability of Hoare-triples.

These reaults lay the foundation for a PCC architecture that brings the bene ts of source code
veri cation to the code consumer. We have also began seting up this architecture to Java, using JML
asthe sped cation languagefor Java and the programming environment Jacdk [4] for computin g weakest
precondition calculi. The work includes de ning extensiors for class les that acconmodate compiled
JML annotations. In parallel, we have begun invedi gating the use of such framework for secure dynamic
updates in the context of trusted personaldevicesthat feature Java Virtual Machine.
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The purposeof this paper is to describe a method for automatic program inver-
sion which we developed [2, 3] for a “rst-order functional languageand to show
seweral inverseprograms producedby our implementation. There are many com-
putational problemsthat are inverseto ead other, even though we often do not
considerthem from this perspective. Perhapsthe most common example of two
programsthat are inverseto ead other is the encading and decading of data:

text text

d
enaoder code decoder

Two inverse programs

Usually, both of the encader and the decader are written by hand with the
familiar problem of ensuringtheir correctnessand maintaining their consistency
Why write two programs, if it suces to write one program by hand and to
derive the inverse program automatically? Beside saving time and e ort, the
inverseprogram is correct by construction and it is easyto producea newinverse
program if there are changesin the original program.

One of the main challengesof program inversionis to derive a deterministic
inverse program from an injective sourceprogram. In [3], we obsened that this
problem is similar to the construction of a deterministic parser, if we view the
inverseprogram as a context-free grammar wherethe traces of the program con-
stitute its language.Determining which branch to follow in a nondeterministic
inverse program is like determining which production rule to apply when con-
structing a deterministic parser. Our method makesuse of this correspondence.

A program inverter is a program transformer similar to a translator, but in-
stead of producing a target program that is functionally equivalert to the source
program, a program inverter producesa program that is inverseto the source
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program. Inversionis a fundamertal conceptin Mathematics, Science,and En-
gineering, but hasfound little attention in Computer Scienceeven though many
algorithmic problems are inverseto ead other, such as printing and parsing,
compilation and decompilation, and encaling and decaling data.

p y

X

inv p>1t

Program inverter: generating an inverse program

In this paper, we describe the construction principles for automatic program
inverters which weidenti“ed in our previousworks [2, 3]. They include the design
of an satomic languagee-,local inversion by backward reading a program, and the
elimination of nondeterminism, if possible.

There are di erent choiceswhen designing a program inverter, which also
meansthey can dier in their inversion power. The most promising approac
which weidenti“ed for the elimination of nondeterminismis to view a program as
a context-free grammar and to apply to it methods known from parsing theory.
In [2] we used left-factoring, in [3] methods from LR(0) parsing, and in our
recent work LR(k) parsing [5]. These methods all follow the sameconstruction
principles, but di er in the power of the eliminating nondeterminism. Our current
implementation ! is basedon LR(0) parsing. We will usethis implementation for
the examplesin this paper. The examplesbelongto di erent application area,
including encading and decading, printing and parsing, and data cornversion.

This full paper introducesthe main conceptsfor program inversionin more
detail, presens three construction principles for building a program inverter,
shows inverseprograms produced by our implementation, and discussegelated
work which started in the late se\erties in the works of Dijkstra [1] and Gries [4].
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In this paper we considertwo temporal logics: a temporal logic of com-
mon knowledgeand a temporal logic of common belief. Theselogicsinvolve
the discretetime linear temporal logic operators "next” and until”. In ad-
dition, they contain an indexed set of unary modal operators that allow us
to represem the information possessedby a group of ageris. In the temporal
logic of commonknowledgetheseoperators satisfy analoguesof the axioms of
the modal systemS5 ([2]), which is widely recognizedas a logic of idealized
knowledge[4]. In the temporal logic of common belief theseoperators satisfy
analoguesof the axioms of the modal system KD 45, which is widely recog-
nized as a logic of idealizedbéelief. In the rst logicthereis alsoan operator
for commonknowledgeof the group of all agerts. In the secondlogic there
is an operator of commonbelief of the group of all agens. An interpretation
of theselogicsis basedon the sequencesf statesof the distributed systems.

For theselogics we presen sequen calculi with a restricted cut rule.
Thus, we get proof systems where proof-seartt becomesdecidable. This
calculus lays the basisfor automatic theoremproving for theselogics. We
prove soundnessand completenesgheoremsfor theselogics.

We mertion somerelated works. In [6] a Hilb ert-style axiomatic system
for the temporal logic of common knowledgeis preserted and completeness
of the system is proved. The temporal logic of knowledgewithout common
knowledge operator is consideredin [7], [3]. In [7] a tableau baseddecision
procedureis presened for the consideredlogic. In [3] a resolution-based
proof systemis preseried which is shown to be correct. The logic of common
knowledge without temporal operators is consideredin [1], where complete
Tait-style sequen calculus with restricted cut rule for the logicis presened.
Our work usesideasfrom [1] and [6].

Multi-logics like temporal logicsof commonknowledgeand belief have a
number of applications both to computer scienceand arti cial intelligence
(seee.qg. [4]). For example,in distributed systemstheory, they are usedfor
the speci cation and veri cation of knowledge-basegrotocols[5].
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