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Preface

The objective of the Nordic Workshop on Programming Theory is to bring
together researchers from (but not limited to) the Nordic and Baltic countries
interested in programming theory, in order to improve mutual contacts 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 (1989and 1999),Aalborg (1990), Gothenburg (1991and 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 presentations at the workshop, arranged in two paral-
lel sessions. In addition the following ¯v e invited speakers gave presentations
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-changeapproach to
programterminationanalysis

Neil D. Jones

DIKU, Univ ersity of Copenhagen

Abstract

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

Size-change analysis is basedonly on local approximations to parame-
ter sizechangesderivable from program syntax. The condition on tracing
data °ow along in¯nite call sequencesturns out to be decidable, and not
di±cult to automate. There is no need for human invention, 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 analyses the termination of pro-
grams in a substantial subset of ML.



Memory UsageEstimation for Java Cards

GerardoSchneider
�

IRISA/CNRS,CampusdeBeaulieuF-35042Rennes,France
�

gerardo@irisa.fr �

1 Intr oduction

Embeddedsystems,i.e.special-purposecomputersystemsbuilt into largerdevices,arewidespread
andcanbe found in simplegadgetslike coffee machinesandin morecomplex oneslike mobile
phonesandsmartcards.Programmablesmartcardsaresmallpersonaldevicesprovidedwith ami-
croprocessorcapableof manipulatingcon�dentialdata,allowing theownerof thecardto havese-
cureaccessto chosenapplications.Applications,calledapplets,canbedownloadedandexecuted
in thesesmallcommunicatingdevices,raisingmajorsecurityissues.Indeed,without appropriate
securitymeasures,amaliciousappletcouldbeinstalledin smartcardsdestroying data,disclosing
privateinformationover thenetwork or performingnon-authorisedcreditcardtransactions.

Themassive useof suchsmallcommunicatingdevicesis imminent.Hence,it is essentialthat
their platforms,aswell astheappletsthatwill run on them,canprovide someminimal security
guaranteein orderto preserve con�dentiality, integrity andavailability of information.To guaran-
teeavailability of theservicesofferedby smalldevicesthemanagementandcontrolof resources
(e.g.memory)is acrucial issue,mainlydueto their limitation on size.

ConcerningmemorymanagementonJavasmartcards,wequoteChen:”Becausememoryin a
smartcardis veryscarce,neitherpersistentnor transientobjectsshouldbecreatedwilly-nilly” [3,
Section4.4]. Chapter13 of thesamebookprovidesprogrammingtips on how to optimiseapplet
creationconsideringthe memorylimitations.Herearesomeof the recommendationsfor applet
programmersrelatedto ourwork: ”You shouldalsolimit nestedmethodinvocations,whichcould
easily lead to stackover�ow. In particular, appletsshouldnot userecursive calls.” ([3, Section
13.3]). Later, on Section13.4, it says:”An appletshouldalwayscheckthat an object is created
only once”.Eventhoughtheabove tips arefollowedby industrywhenprogrammingappletsand
arein generalrespected,mistakesregardingmemoryusage–like thecreationof anobjectinside
a loop– both accidentallyor intentionally, may have non-desirableconsequences.In fact, there
is nothingin thestandardswhich preventsa(n)(intentionally)badlywritten appletto allocateall
persistentmemoryon a card.Hence,thedetectionof recursive methodsandloopsin bytecodes
for embeddedsystems(smartcardsin particular)is acrucialissueto take into account.

As far aswe areawarethereis no available tool for detectingthe dynamiccreationof ob-
jects inside cycles and/orrecursive functionsfor Java smartcards.The byte codeveri�er [4],
for instance,doesnot verify propertiesrelatedto memoryusage.Thereare,undoubtedly, many
waysof writing algorithmsfor detectingsyntacticloops,mutually recursive methodsandover-
approximatingthedynamicmemoryusedfor anassembler-like language.In this work, however,
weproposeaconstraint-basedalgorithm,presentedasasetof rules–onefor eachinstruction–for
solvingtheabove-mentionedmemory-relatedconcerns.Theformalismchosenwasnot governed
by mereaestheticreasons:it is compositionalandit allows to obtainacerti�ed analyserusingthe
program-as-proofparadigm(i.e., following theCurry-Howardisomorphism)to extractaprogram
directly from the proof of its correctness.Onefeatureof our algorithmis that it works directly

�

Partially supportedby the RNTLFrenchproject,CASTLES(Conceptiond'AnalysesStatiqueset de Testspour le
Logiciel Embarqué Śecuriśe).



on the byte codeandthereis no needto build extra datastructures(e.g.,a control-�ow graph).
Moreover, thebytecodeconsideredis arbitrary, i.e.wedonothaveany assumptionaboutthebyte
codebeingproducedby a”good” compiler. Ourapproachincludesbothintra-andinter-procedural
analysis.Furthermore,the formalismusedis compatiblewith existing worksdoneat IRISA [2],
which will allow to reusethe constraintsolver, the �x-point algorithmand someof the lattice
libraries”implemented”in Coq[7].

The languagebeingconsideredis JCVMLe [8], a bytecodelanguagethat modelsthe Java
Card Virtual MachineLanguage.It manipulates(dynamic)objectsand arraysand besidesthe
usualstackandregisteroperationsit comprisesinterestingfeatureslikevirtual methodcalls,(mu-
tually) recursive methods,(un)conditionaljumpsandsubroutines.We assumethereis no garbage
collector, whichis thecasefor JavaCarduptoversion2.1.Startingwith JavaCard2.2themachine
includesa garbagecollectorwhich may be activatedinvoking an API function at the endof the
executionof theapplet,notduringexecution.

Our techniquelieswithin thescopeof staticanalysis[6], whichanalysessomerun-timeprop-
ertiesof a programwithout executingit. Theimplementationof staticanalysisis generallybased
on thesolutionof constraintsthroughthecomputationof �x-points.

2 A constraint-basedalgorithm

Givena program� , we associatea setof constraintsto eachprograminstruction(applyingrules
like theonesshown in Fig. 1). Essentially, our algorithmaddprogrampoints ���	��

��� to a certain
context � for eachinstruction ���	��

�����������	� , if it is not in a loop nor in a mutually recursive
method.If suchinstructionis insideacycleand/ora(mutually)recursivemethod,then �������! #" $&%�'

is addedto � instead.
Theleastsolutionto thesetof constraintsassociatedto � is obtainedby computingtheleast

�x-point of a certainfunctional ( arisingfrom suchset.By a corollary of Tarski's Fixed Point
theorem,thesolutionmaybeobtainedasthelimit of thestabilisingsequence�)(+*,�.-/�0�

*2143

.
Becauseof lack of spacewe only presentin this abstractsomeof therulesof our mainalgo-

rithm andwe explain only the�rst rule (seeFig. 1). If thecurrentinstructionat programcounter


� in method� is �����5� , andtheinstructionis insidea loop (detectedby thepredicate68797&
 ) or a
(mutually)recursivemethod(predicate:#;<� ) thentherulepropagatesthewarningtype �������! #" $&%�'

to �5���	��
=�#>@?A� . Thus,at programpoint ���	��
=�#>B?A� , � will containat leasteverythingit hadat
���	��

�C� , plus �/�D�

�E F" $G%�'
. Thecontentof � is thus”propagated”by theconstraintsassociatedto

eachinstruction,asde�ned by eachrule. Therulesfor H4�
I=J�K��LI�HCM2NLOQP2R andsubroutinecallsare
similar to the HA�=I=J�K��LS
�2T�H4�,HCN=� ; for any otherinstruction,�5���	��
=�U�WVX�Y���	��

�Z>[?A� .

We have de�ned, in a similar way, rules for computingthe predicate6\797G
 –which detects
intra-proceduralcyclesand instructionsreachablefrom suchcycles throughmethodcalls–and

:#;]� , which computesall the mutually recursive methods.In fact, the technicaldif�culties are
mainlypresentedin thecomputationof theselasttwo predicates.In particular, detectingloopsin a
bytecodeprogramis moredif�cult thanin ahigh-level languagelike Java,mainlydueto thelack
of structure,allowing jumpsfrom (andto) themiddleof acycle.

3 Final Discussion

Besidestheadvantagesmentionedin theintroduction,themodularityof our algorithmallows the
analyseritself, as well as the predicates6\797G
 and :#;<� , to be reusedby otherconstraint-based
analysersaspredicates(programs)whichhave beenprovedcorrect.
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Fig.1. Rulesof themainalgorithm

Curr ent Work. We have provedtheterminationof themainalgorithmandof thetwo predicates
¨8©9©&ª

and «F¬]­ . To prove termination,we have de�ned (�nite) latticesde�ned on therangeof the
programcounternumbersandmethodnames.We arecurrentlyworking on a hand-writtenproof
of soundnessw.r.t. to anabstractionof theoperationalsemantics.
Futur eWork. Ourapproachallows therulesto befed into theproofassistantCoq[1]. We intend
to prove thecorrectnessof ouralgorithmin theconstructive logic of Coqandto useits extraction
mechanismto automaticallyobtainacerti�ed analyser. Besidesits applicationon smartcards,we
believe we canapplyour analyserto mobilephonetechnology, wherethedetectionof loopsand
recursive methodsin appletsis crucial, to avoid for instancethesaturationof communicationby
sendingSMS' indiscriminately.
RelatedWork. Ourapproachis inspiredby thework in [2] wherethetechniquesketchedherehas
beenappliedwith successfor extractinga data�o w analyserfor Java cardbyte codeprograms.
Eventhoughthemotivationsandthetechniquesarenot thesame,it is worthmentioningthework
donein theMobile ResourceGuaranteesproject[5], whichappliesideasfrom proof-carryingcode
for solvingtheproblemof resourcecerti�cation for mobilecode,
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STA GE-P RE SERVING EMBE DDINGS OF LANGUA GES

TO DD L. VEL DHUIZE N, CHAL MER S IN STITUTE OF TECHNOLOGY

Embeddings of languagesinto one another are useful in studying their relative
power and, somet imes, � nding languages that are universal in some sense. Exam-
ples include Turing-reducibilit y for studying computabil it y, poly-ti me reductions
for subrecursive languages[14], and structure-preserving embeddingsfor expressive-
ness[4, 5, 13, 12]. To further a search for languagessuitab le for \domain -speci� c
embedded languages" and \act ive libraries," [7, 3] we propose stage-preserving 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
realizedomain-speci�c optimization s. We prove su� cient condition s for a language
to be \stage-universal," in the sensethat there is a stage-preserving embedding of
any staged languageinto it.

Assume a classof languagesthat are all being compiled to the sameimplemen-
tation language L M | the subscript M here standing for machine. A compiler
for some source languageL A is a partial map � A : L A * L M ; partial becausefor
many interesting staged languages (e.g., C++, MetaML [15]) the compiler may not
terminat e. To speak of embeddings being semantics-preserving, we stipulate an
equivalence � capturing someappropriat e behavioural notion of program equiva-
lence; the detai ls are unimportant.

De�niti on 1. An embedding e : L A ! L u is a total, decidable function that is
semantics-preserving: � A (p) � � u (ep) for all p 2 L A .

The typical scenario we consider is illu str ated by thi s diagram:

L A

� A

��6
66

66
66

66
e //L u

� u

��		
		
		
		
	

L M

We have two languages L A and L u , compilers � A and � u for them, and we consider
an embedding e : L A ! L u . We ask ask when embeddings that preserve propert ies
of interest (semantics, staging, safety) exist. The scenario of special interest is when
L u is somelanguagepurportin g to be `universal.'

0.1. The kernel of a compil er . We usestaging to addresscompile-time compu-
tation s (cf. [10, 8, 15]). We are interested in embeddings that are stage-preserving:
if a computation occurs at compile ti me in languageL A , then it occurs at compile
time in language L u . Thi s can be conveniently addressed using the kernel of the
compiler. Recall that the kernel of a map � is:

ker(� ) = f (p1; p2) j � (p1) = � (p2)g

1



2 T ODD L. V EL DHUIZEN , CH ALMERS INSTITU TE OF TEC HNOLOGY

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

We can view the kernel as a staging speci�c ation,1 and use it to formalize the
notion of a stage-preserving embedding.

De�niti on 2. An embedding e : L A ! L u is stage-preserving when it satis� es
(p1; p2) 2 ker(� A ) ) (ep1; ep2) 2 ker(� u ).

The kernel of a compiler givesus a measureof its staging power, that is, its abilit y
to perform computation s at compile time. If one languagehasgreater staging power
than another, then it cansubsumemore languageswith staging capabilities. Defn. 2
e� ecti vely 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 L A � S L B to mean there exists a stage-preserving embedding
e : L A ! L B . The relat ion � S is a preorder. The obvious question is whether
there might exist maximal elements; we call such languages stage-universal.

De�niti on 3. A languageis stage-universal when there is a stage-preserving em-
bedding of any other languageinto it.

The term stage-complete would do equally well. The usual notion of Turing- or
� 0

1-completenesscan be used to give necessary conditions for such languages. We
stipulate that all languagesand compilers under discussion are � 0

1, i.e. computably
enumerable under suitable coding. We make the standard assumption that there
is an e�ective coding p�q of the languagesL A ; L M as terms of L u (e.g., [2, 1]). If
p 2 L A is a program then ppq may be thought of asa representati on of p by it s parse
tree, as a st ring of characters, or (more tr aditi onally) a very large natural number;
the particu lars do not matter so long as the encoding is unique and computable.
We wil l moreover assume that L u permits the constructi on of functions over codes
(e.g., parsetrees) su� cient to realize(for example) interpreters, and wil l wri te F (c)
to mean the application of such a function F to a code c.

It is useful to disti nguish between functions implemented in L u , e.g., maps over
codes, and programs that can take such codes and produce behaviour. For a pro-
gram P taking as argument some code x, we write P[x].

De�niti on 4. An interpreter for the machine language L M in the language L u

is a program I M [�] such that for every machine-languageprogram pm 2 L M , the
interpreted version of pm is equivalent to pm :

� u (I M [ppm q]) � pm

That is, if wetakesomemachine-languageprogram pm and `code' it as(for example)
a syntax tr ee ppm q and give it to the interpreter I M , then I M running ppm q behaves
the same way as the program pm . The existence of such an interpreter ensuresthat
the languageL u does not lose basic capabilities of the language L M , such as the

1Th e kernel is related to, but di�eren t from, bin ding-tim e speci�cat ions (cf. [8, 9]): the kernel
indicat eswhich programs wil l compil e to th e same targ et program, whereas bindi ng-ti mes ind icate
which terms are replaceable by constants. Th esetwo ideas coincide in some situat ions, e.g., when
programs are terms, the compilat ion map is compositio nal, and only partial evaluat ion is taking
place.



STA GE -PR ESERV ING EMB EDDINGS OF LAN GUA GES 3

abilit y to interact with the operating system and so fort h. This is of concern
when dealing with interactive systems (a.k.a. processes, reactive systems, etc.)
rather than purely functional programs. More formally, it guarantees that � u is
onto the equivalence classes L u = � giving the possible behaviours (e.g., [11]) of
L M programs. That is, for every \m achine-language" program pm 2 L M , there
is a program pu 2 L u such that � u (pu ) � pm , i.e., pm and � u (pu ) have the same
behaviour.

What we need next is some vocabulary to discuss compile-time computations.

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

� u (P[F (pxq)]) = � u (P[pyq])

Or, equivalently , (P[F (pxq)]; P[pyq]) 2 ker(� u ).

This means, more or less, that the partial function F is evaluated at compile time.
We now give a su�cie nt condit ion for stage-universalit y, inspired by ideas from

partial evaluation, in part icular Jones-optimalit y [9] and the Futamura projections
[6]. The proof is boilerplate computabili ty theory and partial evaluation. We rely
on the assumption (stated earlier) that compilers are � 0

1 functions.

Theorem 1. If (1) there is an interpreter I M [�] for L M in L u ; and (2) any � 0
1

function f is realizable in the kernel of � u , then the languageL u is stage-universal.

Proof. Pick a language and compiler L A and � A . Since � A is � 0
1, by (2) there is

a L u -function � A realizing it such that if pm = � a(pa) then � u (P[� A (ppaq)]) =
� u (P[ppm q]) for any program P taking a code-argument.

Consider the embedding e : L A ! L u given by:

e(pa) = I M [� A (ppaq)]

where I M [�] is the L m interpreter whose existenceis ensuredby (1). Recall from
Defn. 2 that e is stagepreserving when (p1; p2) 2 ker(� a) ) (ep1; ep2) 2 ker(� u ).
Choosep1; p2 such that (p1; p2) 2 ker(� a). Then there is a pm such that � a(p1) =
� a(p2) = pm , and from the choice of � A ,

� u (I M [� A (pp1q)]) = � u (I M [ppm q]) and

� u (I M [� A (pp2q)]) = � u (I M [ppm q])

Therefore � u (ep1) = � u (ep2), or (ep1; ep2) 2 ker(� u ), and the embedding e is stage-
preserving. Since such an embedding exists for any languageL A , the languageL u

is stage-universal. �

The construction in the proof above is not of immediate practi cal use; there is no
guarantee that an interpreted program � u (I M [� A (ppq)]) will run anywhere near as
fast as � A (p) (cf. Jones-optimalit y [9]). It does, however, give su� cient condition s
for languagesto be stage-universal. The constructi on above would be useful if � u

found programsthat were `optimal. ' That is, if the compiler � u were to �n d fastest,
smallest, etc. programs, then the constructi on � u (I M [� A (ppq)]) would be practical.
Finding optimal programs is � 0

2 hard, so thi s goal is not reachable. However, if we
�n d programs that are near to optimal, then approaches nearing the constructi on
of Theorem 1 might be practical. In [16] we describe a method for realizing such
compilers, via \Gu aranteed Opti mization," a new compiler design technique.
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Following theseminal work of Moggi and Wadler [8,12], it hasbecomestandard in programming
semantics and functional programming to analyse various notions of computat ion with side-e�ec ts
asmonads. Recently , however, it hasalsobeen discussed whether there is a need for �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] haspromoted arrows asan abstraction which is especially handy in programming
with signals or 
o ws. His idea hasbeen taken up in functi onal react ive 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 used to capture notions of values-in-context. This fact has received some
attention [3,7], but in generalcomonadshavenot found extensiveusein semanti csor programming.
We claim that th is unfair and argue that comonads can be a helpful tool in programming with
signals and in the semantics of corresponding specialized programming languages. In the paper,
we take a closer look at streams as signals in discrete ti me.

Stream programming is about stream-tr ansforming functi ons Str A ! Str B where Str A =
� X : A � X �= Nat ) A is the type of streams(i .e., in�n ite sequences) over a given type A. One can
either allow arbitrar y st reamfuncti onsor, more interestingly, only thosethat arecausalin the sense
that the nth 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 realisti c, if streams are meant to
represent signals.Both non-causal and causal stream functions are equivalent to Kleisli arrows of a
comonad. The non-causalcomonad D is DA = Str A � Nat �= (Nat ) A) � Nat �= NEList A � Str A
whereasthe causal comonad D c is D cA = NEList A where NEListA = �X : (1 + X ) � A is the
type of non-empty (snoc-)l ists over A. The idea is to use non-empty lists to represent histories
(inclusive of the present moment) and strings to represent futures. The causal comonad is special
in being the cofree recursive comonad over the functor 1 + (� ) where a recursive comonad is the
dual of a completely iterative monad in the sense of [1] (cf. also[11]). Th is implies that for any map
e : D c(B � A) ! B factoring in the obviouscanonical way through a map (1+ D c(B � A)) � A ! B
(a \gu arded equation") there exists a unique map s : D cA ! B satisfying s = e � hs; "A i y (th e
\soluti on"), which really gives a feedback combinator. Notably, not only the potential soluti ons,
but also the guarded equations are arrows, soalso they make good representation s of causalstr eam
functions.

We show Haskell implementati ons of stream programming combinators for both comonads,
compare the comonad-based disciplines of programming with streams to the arrow-based coun-
terparts, and discuss semantic description of intensional languages like Lucid [2] and synchronous
data
o w languages like Lustr e and Lucid Synchrone(Lust re+ML) [5,4] in terms of the non-causal
resp. causal comonad.

Acknowledgements This work in progress is being part ially supported by the Estonian Science
Foundation under grant No. 5567.
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gif�Ù�a›ÍÕàLÐkjUÓÕÙ&Ìlg ËAÊ8ÉAàLÉ9Ô!ÜCÏ<Ð!àÕÛ

ÐEànm2àÕÐof�Ù&p†Ì9f›É f�ÙWÌoÜ�Ì9f�Ù<ä�Ì™ÐEàrq{ÍÕÐka›Í�Ì9f›É f�ÙGÌ¤É9Ê�ÙkÊ�Ù$sÕÊ�ÙGÌoÙ<à�f�ÙGÒsÑCÜtqDË4Ê�ÒLÌ<×CÌ•Ù$f�Ì™Ë�g,Ì9f›É foÙ&Ì\ÑCÜ

mLàÕÐufoÙ/É9ÓvfoËAä�É�f�É/Ë4àwf�ÍÕÙGÌoÙsËAÑnx.Ù�a�f›Ì<×=É9à2Òyf�Ê�ÉAàLÌ•ÐufoÐ!ËAà2ÌŸÑCÜzm2àÕÐof�Ù�É9Ónf�ËAä�É f›ÉpËes2ÙGÊ�É�foÐ!àÕÛ

ËAàysLÉAÐEÊ›ÌˆË
g\Ì9f›É f�ÙA×nÐ^{ Ù
{imLàÕÐufoÙ$p)Ì|f�É�foÙ}f�Ê�ÉAàLÌ�Ò�Óba]ÙGÊ�Ì�{b~†àyfoÍÕÐðÌ•a]ËAà�f�Ù]ØCfG×bfoÍÕÙ€a]ÙGàef�Ê�ÉAÔ0sÕÊ�ËAÑvp

ÔEÙGä ÐðÌ•foÍLÙ<à‚foËƒa<ËAä€sÕÓnf�ÙBfoÍLÙ»Ðof�Ù<Ê›É foÐk„AÙ}a<ÔEËUÌ•ÓLÊoÙZË�g–É�mLàÕÐufoÙ$p)Ì|f�É�foÙBf�Ê�ÉAàLÌ�Ò�Óba]ÙGÊ�{b…�Óba›ÍYÉ

ÊoÙ�sÕÊoÙ&Ì•ÙGà�f�É f�ÐEË4àFÉ9Ô!Ô!Ë qˆÌ�f�Ë•a<ËAä€sÕÓnf�ÙSf�ÍÕÙ{Ì•Ù$f–Ë�g2Ê�ÙGÉea›ÍLÉ9ÑLÔEÙ™Ì9f›É foÙ&Ì,Ë�gvf�ÍÕÙ{Ì•Ü�Ì|foÙ<ä‡†Kq{ÍÕÐˆa›Í

Ð!ÌWÓLÌoÙ&g ÓÕÔVf�Ër„4Ù<Ê�Ðog Ü�Ì�É g Ù$f.Ü‰sLÊoËes2ÙGÊ|f�ÐEÙ&Ì=ŠkÉ9àLÒyfoË5Ò�Ù&f�Ù�a�f»Ô!ËCË
sLÌŸÑ2Ù$f9qDÙGÙ<à Ì9f›É foÙ&Ì€†Kq{ÍÕÐˆa›Í

Ð!Ì�Ó2Ì•Ù$g ÓÕÔ4foË‹„4Ù<Ê�Ðog ÜÅÔEÐk„AÙGàÕÙGÌ�ÌtsÕÊ�Ë
snÙ<ÊŒfoÐ!ÙGÌ�Š�{Ž•kË qDÙ�„AÙ<Ê&×?a]Ë4ä�sLÓnfoÐ!àÕÛ•foÊ›É9à2Ì•ÐufoÐk„AÙza]Ô!Ë4ÌoÓÕÊ�Ù

Ð!Ì»Ð!à‹ÛAÙGàÕÙ<Ê›É9Ô–ÓÕà2Ò�Ù�a<Ð!ÒÕÉAÑÕÔ!Ùy† ÐufXa<É9à‹ÑnÙ/Ì•ÍLË q{à•f�ÍLÉ fFÉrf�Ê�ÉAàLÌoÒÕÓba]ÙGÊ»Ð!Ì}‘QÓÕÊ�ÐEàLÛzs2Ë q™Ù<ÊŒp

g ÓÕÔˆŠ&’�a<ËAàLÌoÙ�jUÓÕÙGà�foÔ!Ü ÉAàUÜ äsÙ&f�ÍÕË�Ò€g ËAÊ™Ì•Ë4Ôu„CÐ!àÕÛ•foÍÕÙ“sÕÊ�ËAÑÕÔ!Ù<ä Ð!Ì\àÕÙ�a<ÙGÌ�ÌoÉAÊoÐ!Ô!ÜFÐ!àba]Ë4ä�sLÔEÙ$foÙ
{

âŸàÕÙŸË
g�foÍLÙWÛ4Ë4ÉAÔ!ÌDË�gQåˆÙ<ÛAÓLÔ!ÉAÊDäsË�Ò�Ù<ÔJa›ÍÕÙ�a�cCÐEàÕÛŽÐ!Ì;f�Ë�sLÊoË „CÐðÒ�ÙŸÌoÙ<äsÐup)ÉAÔEÛ4ËAÊ�Ðof�ÍÕä�ÌŽq{ÍÕÐˆa›Í

foÙ<Ê�äsÐEà2É foÙ5Ë4à ä�É9àCÜ”sLÊ�Éea�foÐˆa<ÉAÔ{É�svsÕÔ!Ðˆa<É f�ÐEË4àLÌ�{S…CÓba›Í Ì•ÙGä Ðup†É9Ô!ÛAËAÊ�ÐufoÍÕä�ÌŽÍLÉ
„AÙ5É9Ô!ÊoÙ&ÉAÒ�Ü

Ì•Óba�a]Ù&ÌoÌ|g ÓÕÔ!ÔEÜYÑnÙ<ÙGà É
svsÕÔ!ÐEÙ&ÒzfoË‚sLÉAÊ�ÉAäsÙ&foÙGÊoÐ!Ï<Ù&Ò�ÌoÜCÌ|foÙGä�Ì•q{ÐufoÍ ÔEÐ!àÕÙ&É9ÊhfoËes2Ë4ÔEË4ÛAÐ!ÙGÌG×nÉAàLÒ

foË ÌoÜ�Ì9f�Ù<ä�ÌXfoÍLÉ�f Ëes2ÙGÊ�É�foÙpË4à Ô!ÐEàÕÙ&É9Ê ÓÕàCÑ2Ë4ÓÕàLÒ�Ù&ÒÅÒÕÉ�f�É Ì9f�ÊoÓba&foÓÕÊ�ÙGÌŽÌ•Óia›ÍÅÉAÌ�jUÓÕÙ<ÓÕÙ&Ì<×

Ì9f›É
a�c�Ì<×AÐEà�foÙGÛAÙGÊ�ÌG×AÊ�ÙGÉAÔ!ÌG×9ÍCÜCÑÕÊoÐðÒ�ÌoÜCÌ|foÙGä�Ì“– —¤ße˜“‘4™
™C× —™Úeš›™
œÕ× —¤Úeš›™�•Õ× žŸÚV…n™vŸ$ �×UÉ9àLÒ/ÊoÙ$p

a]Ù<à�f�ÔEÜ/Ë4à5ÍÕÙ&f�Ù<Ê�ËAÛAÙGàÕËAÓ2Ì™ÌoÜ�Ì9f�Ù<ä�ÌB– Ú�Ù<Û� #{

‘¤ÍÕÐ!ÌƒqDË4ÊŒc ÉAÐEä�Ì/É�f/Ù]ØCfoÙGàLÒ�Ð!àÕÛ•foÍÕÙwsLÉ9Ê›ÉAÒ�Ð!ÛAä Ë�g»å{Ù<Û4ÓÕÔ!ÉAÊ�äsËCÒÕÙ<Ô•a›ÍÕÙ�a�cCÐEàÕÛ¡f�Ë

„AÙ<Ê�Ðug ÜŽÌoÜCÌ|foÙGä�Ì?q{ÍÕÐˆa›Í�Ë
snÙ<Ê›É foÙ{Ë4à�foÊ�Ù<Ù&p)Ô!Ðuc4ÙˆÉ9Ê�a›ÍÕÐof�Ù�a&foÓÕÊ�ÙGÌ�{�‘¤ÍÕÐðÌ8Ð!àba]Ô!ÓLÒ�Ùˆä�ÉAàUÜŽÐEà�f�Ù<ÊŒp

ÙGÌ|foÐ!àÕÛra<ËAäsäFÓÕàLÐkaGÉ foÐ!ËAàzsLÊoË
foËna]Ë4Ô!ÌŸÌ•Óba›Í�É4Ì�f�ÍÕÙXsnÙ<Ê�a]Ë4Ô!É�foÙ}sLÊoË
foËna]Ë4Ô;†|– ¢B£y£y¤?™bŸ� KŠˆË4Ê

foÍÕÙ•‘�Ê�Ù<Ù$p)ÉAÊoÑLÐof�Ù<Ê0sLÊoË
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‘¤ÍLÙ;q™ËAÊ=cZÐ!Ì,ä�É9Ð!àÕÔ!Ü»ä Ë
foÐk„•É foÙ&Ò#ÑCÜhfoÍÕÙ¤Ù<ØCÐðÌ|p

foÙ<àia]ÙˆË
g
ÌoÜ�Ì9f�Ù<ä�Ìlg ËAÊSq{ÍÕÐka›ÍsÐuf\ÐðÌ8àÕË
fŽs2ËUÌoÌoÐEÑLÔEÙ•f�Ë#Ù]ØnsÕÊ�ÙGÌ�ÌVfoÍÕÙŸÌ•Ù$f8Ë�g=ÊoÙ&É
a›ÍLÉAÑÕÔ!Ù™Ì|f�É�foÙGÌ
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HeuristicGuidedModel-Checking
of Real-TimeSystems�

HenningDierks

September3, 2004

Abstract

We presentan approachto model-checkreal-timesystemsby thecost-optimising
versionof Uppaal.Theadditionalfeaturesfor heuristicguidanceof thecost-optimising
versionimprove theperformancein �nding errortraces.An importantpreconditionfor
successfulheuristicsarecontextual informationaboutthesystem.To demonstrateour
approachwe introducea mutualexclusionproblemof a real-timesystemspeci�ed in
termsof PLC-Automata.Findingerrorsby model-checkingthesemanticsin termsof
timed automatais substantiallyimproved by heuristicsguidance. Our heuristicsare
derivedby exploiting thecontextual informationthat thetimedautomatasystemto be
checkedrepresentsthesemanticsof PLC-Automata.

1 Intr oduction

A mainadvantageof model-checkingis thatthereis alwaysaresult,eitherapositiveoneor
a negativeonetogetherwith acounter-exampleprovidedthattherearesuf®cientresources
of time andspace.In the usualveri®cationcontext the positive answeris desiredandto
this enda model-checker hasto explore the full statespace.Therefore,model-checkers
typically do not providespecialfeaturesto ®nd counter-examplesfast.However, thereare
othercontexts in which it is desirableto ®nd thecounter-examplefast:

� Whena model-checker is appliedto ®nd (optimal) schedulesor plans. Recentap-
proachesof this kind are publishedin [BFH+ 01, LBB+ 01, DBL02]. Here, the
counter-examplesfoundrepresentfeasible(optimal)schedulesor valid plans.

� In an abstractionre®nementloop [CGJ+ 00, HJMS02]. Here the veri®cationof a
complex modelstartswith averycoarseabstraction.Model-checkingthisabstraction
typically yieldsanabstractcounter-examplewhich is expectedto bespurious.That
meansit cannotbe found in the concretemodel. The bene®tof spuriouscounter-
examplesis that they provide informationin which way the abstractioncanbe re-
®ned.This re®nedabstractionis model-checkedagain.As longasspuriouscounter-
examplesarethe outputthe processis iterated. Clearly, this approachcanonly be
usefulif themodel-checkerin usecanprovidecounter-examplesfast.

� Whenanabstractcounter-exampleis available.If anabstractionof systemhasbeen
model-checkedandtheresultis a counter-example,theobviousquestionis whether
thiscounter-exampleis spuriousor not. In thiscasethefull modelis checkedagainst
a testautomatonwhich modelsthe abstractcounter-examplesuchthat reachinga
certainstateyieldsa tracethatdescribesaconcretecounter-example.

� This researchwaspartially supportedby theGermanResearchCouncil (DFG) aspart of theTransregional
Collaborative ResearchCenter“AutomaticVeri®cationandAnalysisof Complex Systems”(SFB/TR14AVACS).
Seewww.avacs.org for moreinformation.
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2 CONTENTSOF THE PRESENTATION 2

We presentanapproachto ®nd counter-examplesfasterin systemsof timedautomata.
To thisendwe usethecost-optimisingversionof Uppaal[BFH+ 01] whichallows theuser
to assigncoststo both transitionsand time. It is alsopossibleto manipulatethe search
orderby heuristicfunctions.Themainobservationis that this canreducethetime needed
to ®nd a counter-example.A preconditionfor suchimprovementsis additionalcontextual
informationaboutthesystem.This informationis not exploitablein thestandardversion
of Uppaalbecauseit is not expressiblein the input language.The featuresof the cost-
optimisingUppaalallow usto addthis information,whichsharpensUppaal's focuson the
critical pointsin thesystem,viz. on traceswhicharelikely to beerrortraces.

Wedemonstratethisapproachin thecontext of PLC-Automata[Die99], aspeci®cation
languagefor distributedreal-timesystems.PLC-Automatahave a timedautomataseman-
tics. Whenthesemanticsof a PLC-Automatonis fed into thestandardversionof Uppaal
themodel-checker doesnot get the informationthat it checksa PLC-Automaton.Hence,
it handlesall transitionsandautomataequallyweighted.Thecoreideaof our approachis
thata model-checker bene®tsfrom guidanceespeciallywhentherearecriteria to investi-
gatesomepartsof the statespaceearlier thanothersor to prefersometransitionsof the
model.For example,in thecaseof PLC-Automatait makessenseto avoid transitionsthat
changevariableswhichareundercontrolof theenvironment.Thisdistinctionbetween“in-
teresting”transitionsand“lessinteresting”onescannotnotbedonein thestandardversion
of Uppaal.Notethattheroleof PLC-Automatais thatof aguineapig. Eachformalismthat
is translatedinto atimedautomatasemanticsis likely to havesimilarchoicesof interesting
andlessinterestingtransitions.We will presenttwo ideashow to addcontextual informa-
tion of PLC-Automataby assigningcostsandde®ningheuristicfunctionsto sortthesearch
space.

BecauseUppaalis optimisedfor reachabilitypropertiesit is often necessaryto con-
structtestautomatathatbreaka complex temporalpropertydown to a reachabilityprob-
lem, e.g. the complex propertyP is satis®ediff a certainstateq in the test automaton
T (P) is reachable.In our settingtestautomataaregeneratedfrom ConstraintDiagrams
[Die96, Kle00]. Again,thetranslationinto testautomatadoesnotrepresentsomestructural
information. If themodel-checker learnsa bit aboutthis structureby costsandheuristics,
thecounter-examplesarefoundsigni®cantlyfaster. Thestandardversionof Uppaalcannot
betaughtwhichautomataof thecurrentsystemrepresenttestautomataandwhichrepresent
themodel.

2 Contentsof the Presentation

In caseof acceptancewe will introducebrie�y thenotionof PLC-Automatawhich serves
asan exampleof a languagethat hasa semanticsin termsof timed automata.We will
demonstratea setof ideashow to guideUppaalto ®nd error tracesin erroneoussystems
faster. To this endwe will show thatthis is especiallyeffectiveprovidedthattestautomata
areinvolved. We will alsopresentthe resultsfor casestudiesrangingfrom toy examples
to mediumsize1. In mostcaseswe found errorsat least10 times fasterandsometimes
morethan100timesfaster. Oftenthespeedupcannotbecomputedsinceonly theheuristic
guidedversionterminatedsuccessfullywhereasthestandardversionof Uppaalexceeded
memorylimits.
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A bst r act . In this paper we present an algorithm to compute DBM sub-
st ract ions with a guaranteed minimal number of split s and disjoint DBMs
to avoid any redundance. The subst ract ion is one of the few operations
that result in a non-convex zone, and thus, requires split t ing. I t is of
prime importance to reduce the number of generated DBMs in an explo-
ration loop, e.g., for reachability, because the result is propagated and
serves to compute further successors later.

1 I nt roduct ion

DBMs (di®erence bound matrices) [6, 4] are e±cient data st ructure to repre-
sent clock const raints in t imed automata [1]. However, some operat ions require
split t ing, e.g. subst raction or some extrapolat ion algorithms [2] because DBMs
can not represent non-convex zones. The result ing DBMs of a split t ing are parts
of successor states that will be used to compute further successors. Reducing
split t ing means to reducethe state explosion.

The new DBM library of the model-checker Uppaal 1 supports subst ractions
and federat ions of DBMs to represent non-convex zones. There are other repre-
sentat ions of zones that can deal with non-convex zones, such as CDDs [3] or
CRDs [7]. In this paper we are concerned about how to solve the subst raction
for the DBMs when the DBMs are already used in a model-checker. Depending
on the operat ion, a given representat ion may be more or less e±cient , we do not
address this issue.

2 D BM Subst ract ion

Given two DBMs A and S, we want to subst ract S from A. The result ing zone
Z can be de¯ned as the zone sat isfying the const raints of A and : S. Intuit ively,
a point p 2 : S i® : (p 2 S). Comput ing the result Z = A ^ : S is done by
const raining A with the negated const raints of S. Figure 1 illust rates the basic
subst raction algorithm in two dimensions, i.e., with two clocks. In the worst case,
for a DBM of dimension n, there are n2 splits where each split costs a copy. The
algorithm complexity is O(n4).

1 ht tp://w ww.uppaal.com



A

S

F ig. 1. Basic subst ract ion algorithm.

3 Reducing Spli t t ing

The ¯r st observat ion from the basic algorithm is that some splits may be avoided
by taking into account only the edges that belong to the minimal graph [5] of
the DBM. A DBM can be seen as a directed graph between clocks with the
const raints on the edges. Figure 2 shows the reducedsubst raction by using only
these const raints. The complexity for comput ing the minimal graph is O(n3) but
it is worth doing since it is more important to reducethe result .

A

S

F ig. 2. Subst ract ion using the const raints part of the minimal graph.

4 Subst ract ion wit h M inimal Spl i t

To further reducethe number of splits, let us consider the following four cases
that arise on the const raints belonging to the minimal graph of the DBM to
subst ract:

1. The (negated) const raint reducesA to an empty zone: we ignore it .
2. The (negated) const raint has no e®ecton A: because A is convex, this means

that the DBM S to subst ract is outside of A so we stop and the result is A.
3. The (negated) const raint is on a facet of S that does not intersect A: we

ignore it .
4. Otherwise we compute a split .



The third case is the contribut ion of our algorithm: the decision procedure is
linear in the number of clocks and can rule out const raints that do not a®ect
the result . The main argument for ruling out these const raints comes from the
convexity of A and S: if a facet of S doesnot intersect A, then it has no e®ect
on the subst raction. We argue that this algorithm is sound and complete. As a
remark, the ¯r st case is redundant with the third case but it is a simple test
used to rule out simple cases. The complexity of the addit ional test is O(n) per
const raint , which is, O(n3) in total: we do not make the subst raction worse.

A

S

F ig. 3. Subst ract ion with minimal split t ing.

5 M inimal Subst ract ion

Having the minimal number of DBMs as the result from a subst raction may
not be enough: if the successor states are going to be arguments for further
subst ractions then thereshould beno overlapping betweenthemotherwise future
subst ractions will be redundant . The bad thing could be that future generated
DBMs may not be simply comparable with respect to inclusion checking, 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 result ing DBMs to make them
disjoint . The ordering of the split t ing procedure a®ects the result but it is st ill
guaranteed to be minimal and disjoint . This procedure costs a copy per split .
The complexity is O(n4) in total. The subst raction is st ill in O(n4).

A

S

F ig. 4. Subst ract ion with minimal split t ing and disjoint result .



6 Conclusion

The algorithm we propose has beenimplemented and tested with other functions
of the DBM library that use subst raction as a sub-function. The library has an
extensive set of tests that can be used as benchmarks. It turns out that it is
more important to have a reduced result rather than a cheap and redundant
one. The reason comes from the propagat ion of the result in the explorat ion
loop of the model-checker, e.g., for reachability, or in the tests we made on the
propagat ion of part ial results: the result ing DBMs are used later to compute
further successors and subst ractions.
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The threadsarecomming:Newprogramming
challengesfor the masses

Erik Hagersten
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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 functionalit y. Hierar-
chically organized behavioral speci�cations de�ne the
actual family members by restricting input and output
abilities of the general model. I/O alternating transi-
tion systemsare used to model semantics of both sys-
tems and environments. Our environments 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-
guishsomecolors. Color-blindnesscanbeusedto model
surprisingly many aspectsof realistic environments (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
environment, and individually optimized, during code
generation,for the particular environment and purpose.
The specializedmembers of the product family are ob-
tained by requiring that the generalmodel and the spe-
cialized modelsshould be indistinguishable in the given
environment. The use of environments enables new
compiler optimizations, vastly exceedingusual reduc-
tions. If the general model de�nes much functionalit y
that is not neededin all versions of the product, this
functionalit y can be removed, even if it is de�ned in the

� Work partly performed during author's visit at CISS.

generalmodel interweaved with neededfunctionalit y.
We present the semantics of a speci�cation language

for environments of reactive synchronous systems, to-
gether with a powerful notion of context-dependent 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 preserves 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 presenting an example of a
product line. Two classesof realistic engineering lan-
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 presented, which relies
solely on state independent properties. The present pa-
per provides a theoretical foundation for a product line
management setup similar to the oneof [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 impossible to
expressenvironment's inabilit y 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 observabilit y speci�cations via color-blindness.
This support is needed,if the tools basedon this frame-
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Figure 1: State/event model of an alarm clock.
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Figure 2: A specializedmodel, C1 of the alarm clock.

work, are to be useful for development of product lines
of embeddedsystems.

The framework is designed for 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-awaremodel optimizers/specializers.
This protot ype tool is supposedto be compatible with
an industrial development environment for embedded
systems[2], which will allow realistic casestudies.

1 Example

The following example is included with the abstract to
give a better understanding of the ideasinvolved in 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/event model of an alarm
clock. This model consists of three state/event ma-
chines. The essential 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
event, alarmTO, then the beeper is turned on. If the
user wants to postpone the alarm he has to press the
snoozebutton (event snooze), which allows him to con-
tinue sleepinguntil the snooze timer times out (event
snoozeTO). The backlight machine controls whether the
backlight 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 can be read in the dark. The
full light is on (state on) while the alarm is beeping or
the snoozebutton is being pressed.The snoozeRevent
denotes the releasing of the snooze button. The sen-
sor machine models a memory cell storing information
about the level of light in the surroundingsof the alarm
clock. Proper events (dark, bright) are generatedby the
sensordriver whenever 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 such variant C1, which doesnot activate the
backlight 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 between the two models? Both models
are indistinguishable for some execution environment,
namely the one, which becomesblind for the lightOn
action immediately after producing the snoozeevent.

In order to structure our speci�cations, we shall
�rstly state generalrequirements, which should hold for
all the environments used to execute the alarm clock.
Thesegeneral requirements usually re
ect the physical
nature of actuators and sensors. In our casewe state
that dark/ bright and snooze/ snoozeRare always gener-
ated in an alternating fashion.

E0 = InterleavesnoozesnoozeR^ Interleavedark bright

The environment for C1which can formally be de-
�ned as E1 = E0 ^ E0, where E0 is depicted in Fig. 3.

E0:

ignorefg ? ignoref lightOng?

snoozeR!
snoozeTO!
alarmTO!

bright!

snooze!

dark!
alarm!

Figure 3: Environment E0 ignoring the lightOn output
produced in reaction to the snoozebutton.

Consider a new alarm clock variant C2, which is de-
void of the actual snoozefunction (Fig. 4). The user of
this clock can still pressthe snoozebutton, but the only
e�ect it hasis turning the backlight o� for a short while.
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We can say that this user (environment) becomesblind
to beepOn and beepO� actions initiated by the snooze
and snoozeTO events. Formally E2 = E0 ^ E00, whereE00

is de�ned in Fig. 5.
In this example we have shown two di�eren t envi-

ronments for the general alarm 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.

idle armed �red
alarmTO/

beepOn

beepO�
alarm/

day night
dark

bright

alarmTO ^ armed_ snooze/ lightOn

ono� glowing
dark

/ glow

bright/
lightO�

(alarm ^ �red _ snoozeR)
^ night / glow

((alarm ^ �red) _ snoozeR) ^ day/ lightO�

C2

timer
alarm

alarm

sensor

backlight

=lightOn
snooze_ alarmTO ^ armed

Figure 4: An alarm clock without the snooze function
obtained by removing outputs/guards that are never
observed/satis�ed in E2, and then unifying states made
indistinguishable (�red and snooze).

E00:

ignorefg ? ignoref beepOng?

snoozeTO!
alarmTO!

bright!

snooze!

dark!
alarm!

snoozeTO!
ignoref beepO�g?

snoozeR!

Figure 5: Environment E00 ignoring the snooze func-
tion of the clock. Generation transitions to the blind
observer b are not shown.
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Abstract 
 

Model Driven Architecture (MDA)  [5] - a recent initiative of OMG [6] - is gaining 
increasing popularity in industry. The main idea behind MDA is to develop software-intensive 
systems by transforming their models expressed in Unified Modeling Language (UML) [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 system. In 
contrast, formal methods have proved to be invaluable for ensuring system correctness but still are 
rather reluctantly accepted by industry practitioners. In this paper we propose an approach to 
formalizing MDA-style model transformations in the B Method.  

The B Method [1] (further referred to as B) is an approach for the industrial development 
of correct software. The method has been successfully used in the development of several complex 
real-life applications [4]. 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, Atelier B [3], one of the tools supporting the B Method, has 
facilities for automatic verification and code generation as well as documentation, project 
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 based on stepwise refinement [2] . 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 steps, called refinements. 
The top-down design approach advocated 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 approach aiming at developing specification and 
development patterns generic to ad-hoc mobile networks. At first we create templates for modeling 
ad-hoc networks by expressing the models in UML. Then we translate and verify them in B. We 
propose a generic development process based on transformations 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 reason about correctness of system under construction 
but also helps in understanding and structuring complex system requirements. Besides, visual 
nature of the diagrams allows us to easily navigate through the design space and simplifies the 
process of incorporating changing or emerging requirements into the system.  To validate the 
proposed approach we conducted a case study - model-driven development of routing protocol for 
ad hoc networks, Ad hoc On-Demand Distance Vector (AODV) [7]  protocol. 



References 

 

[1] J.-R. Abrial. The B Book: Assigning Programs to Meanings. Cambridge University Press, 
1996. 

[2] R.J.Back and J. von Wright. Refinement Calculus: A Systematic Introduction. Springer-
Verlag, 1998. 

[3] ClearSy, Aix-en-Provence, France. Atelier B - User Manual, Version 3.6, 2003. 

[4] MATISSE Handbook for Correct Systems Construction. EU-project MATISSE: 
Methodologie and Technologies for Industrial Strength Systems Engineering, IST-199-
11345, 2003.  

Available at http://www.esil.univ-mrs.fr/~spc/matisse/Handbook. 

[5] The OMG Model Driven Architecture Official Website: http://www.omg.org/mda/. 

[6] The Official Object Management Group Website: http://www.omg.org.  

[7] C. E. Perkins, E. M. Belding-Royer, and I. Chakeres. Ad Hoc on Demand Distance Vector 
(AODV) Routing. IETF Internet draft, 2003.  

Available at http://moment.cs.ucsb.edu/pub/draft-perkins-manet-aodvbis-00.txt. 

[8] J. Rumbaugh, I. Jacobson and G. Booch. Unified Modeling Language Reference Manual. 
Addison Wesley, 1999. 



ÏÑÐDÒAÓ<Ô�ÔÕÏÑÐ²Ö�×7ØºÔ‹Ù9Ó/Ö�ÚÛÒAÐ`ÓÝÜ¡Þ7Ø`ßàÖ;á)â9Ó<ÔäãåÐ`Ó3æsçiÞ7Ú/èéÚxê

ë¬ìºí�îÑï'ð¦ñ5íZò

ó9í�ô�õ
òTñNö÷íZø<ñkï	ùnú7ø/ùLï
òNö÷õ	ñ5ûeü�ý�þ�ëiø�û¦ÿ'í�òTýNû¦ñ�� ï
ù��²í�ò��'í�ø

ìºï'ðeñNí�ò��Žûeû	��
�û
����ø�ï

�


���
�ýTñ����)þ��������

����� �"!$#&%$' ()%$*+�-,/.	01!1�-�2%$#��	3+!1��45#+�-%$.-�-,�()�-�768#+!1�	45.	,��94+�-,�()�2#;:"#5�708,/.<�-!$'>=?'26$,�*5.<!

!@#�(A="'768,/*5.<!@� B)CED�,FBG�7H�B/!@�-�2%$#+�IB/!@#J*�,KBG%L(L,F(M*ENPOQ45#+B��	%$.<�SRUT"V>WYX[Z\V]WYX$^_Ra`

!@'26$,�*5.<!$�?!$.-,b6$�20$,/#;�7#;�-35� �c�d,/�d�-�2#56�*EN)!eB/!$.-.	�7,�.�fg!@#+(;!Ihi!@DkjlT5R)mnf�o"Zpfq^q=

BG%8.-.	,��-D�%$#+(L�2#56e45#+�-%$.-�-,�(k�d�26$#�!1�-4+.-,rhS%$.	D535� �dhs� �chS%E(5,/'2,�(k*YNk!e#�!1�-4+.	!$'t�	.	!$#+�dOQ%$.-`

hi!1�	�7%8#�u)TYRwvyxz!@#�(e68�708,��{.	�2�-,c�-%|!rOQ%8.-68,G�-OQ45'�OQ45#+BG�-%$.~}€•STY•I‚nƒ�m
x„o�Z…•e‚nƒ„mQRio�†

‡

35,�.-,S•I‚ˆƒ„mnRSo�(L,�#5%@�	,����-3+,SB�!1�	,/6$%8.-N)%$O�!@'2'�Ra`‰!@'26$,�*5.<!$��!@#+(k!@'2'„3+%$hS%$hS%$.	D535� �-hS�

*�,G�

‡

,/,/#e�-3+,/h)^

Š5.	,/,i!@'26$,�*5.<!$�

‡

^ .F^ �F^t}€•�!@#+(K�-35,iBG%8.-.	,��-D�%$#+(L�2#56IOQ.-,�,aOQ45#�B��-%8.c‹�•KT�•e‚nƒ�mQRio�Z

•I‚ˆƒ�mˆx�o�†5�
^ ,$^2†E�-35,�OQ45#+BG�-%8.9'7,/OŒ�d`‰!$(�•Ž%8�7#Y�{�-%|}€•+†LD5'2!�N|!$#e�2hSD�%8.d�<!@#Y�{.�• %8'7,��7#)=?'26$,�*5.<!@� B

CED�,�B/��H�B�!1�	�7%8#+�/†1,F�dD�,�B/�2!$'7'2N~OQ%8.�B/%$hSD�%8�-���	�7%8#+!@'2���ŽN8†1�ˆ^ ,$^2†@D+!$.	!$hS,G�-.	�2•�!1�	�7%8#]†1�Ž�	.-4�B��-4+.-�2#56+†

!@#�(IhS%L(L45' !@.	�7•F!1�	�7%8#’‘ “E†+”L†+•+†5–1—�^

˜

#S�-35,�%@�	35,/.™3+!@#+(]†8�7�™3+!8�š*�,�B/%$hS,?,/0E� (L,/#Y�F†8�2#S�-35,�'2!8�Ž��OQ,

‡

N$,F!@.<�/†@�-3+!@��BG%Y!@'26$,/`

*5.<!$��†5�	35,aB/!@�-,�6$%$.	� B/!@'](54+!@'„%@Oš!@'26$,�*5.<!$��†5D5.	%10Y� (L,q!i4+#5��OQNE�2#56|OQ.<!@hS,

‡

%8.-›iOQ%8.?OQ%8.-hi!@'

�-D�,FBG�7H�B/!@�-�2%$#l%$Oa(LNE#+!@hS� B/!@'c!@#�(œ*�,�3+!�0E�7%845.<!@'�!8�dD�,�BG�	�e%@Oa�-NL�Ž�	,/hi�k‘ •L†?žE†{Ÿ1—�^gRa`

BG%Y!@'26$,�*5.	!8�S!@.	,&6$�20$,/#J*ENM!PB/!@.	.	�7,�.|f !@#+(]†?(L4+!@'2'2N$†{*ENA![hi!@Dlj¡T?f¢Z£R)mnf�o�^

=?#¤45#��d%8.d�	,�(¤�d�26$#�!1�-4+.-,’hS%$.	D535� �dhUu¥TbR¦v x§6$�20$,F�).-� �-,k�	%l!AOQ45#+BG�-%$.[}~¨

•

T

•I‚ˆƒ

¨

mnRSo�Z…•I‚nƒ

¨

mˆx�o„*�,G�

‡

,/,�#a�	35,?BG%8.-.	,��-D�%8#+(L�2#56�B�!1�	,/6$%8.-�2,��t%@O�BG%Y!@'26$,/*+.	!8�/^>©{3+%8�-,

ª
B/%@`
OQ%$.	6$,/�dOQ45' «bOQ45#+B��	%$.<�?3+!�08,~*�,�,/#]†�,$^ 6+^2†��-4+B�BG,��	�dOQ45'7'2N�4+�d,F()�7#&,F�Ž�<!@*5'2� �d35�2#56I!|35�7,�.d`

!@.<B<3EN;%$O{D+.-%8*+!@*5�2'2�2�d�-� B|�-NE�d�-,�hi�~�ŽNED�,F�I‘7¬G—�^K�‰#zBG%8#Y�-.<!$�d�~�-35,�BG%$.	.	,��-D�%8#+(L�2#56KBG%$OQ.-,�,

OQ45#+BG�-%8.	�~3�!�0$,S#5%@�b*�,�,/#­�2#Y08,��d�-�268!@�-,�(’!@#�(­!@D5D5'2�2,�(’45D[�-%;#5%

‡

^e®�4L�F†>�<!@›E�7#+6&�7#Y�-%

!$B�BG%845#Y�"�-3+,b�2hSD�%8.d�<!@#+B/,a%@O�OQ.-,�,b!@'26$,�*5.<!$�?�2#k="'768,/*5.<!@� BbCLD�,FBG�7H�B/!@�-�2%$#+��†

‡

,r�d35%845' (

*�,bBG4+.-�2%$4+��!@*�%$4L���-35,r.1• %$'2,q%@O�B/%@OQ.	,/,aB/%8!@'26$,�*5.<!$�{�2#k�d�-.	4+B��	45.-�2#56I!$#+(&hS%L(L45' !@.	�7•��7#+6

mn(5NY#�!@hS�2BFo9CENL�Ž�	,/h¯CLD�,FBG�7H�B/!@�-�2%$#+��^

�‰#K�	35,SD+!@D�,/.

‡

,b�	!$›$,r!iH+.<�Ž�~�d�-,/D’!@#+(;�7#E08,��d�-�268!1�	,q�	35,rB/%$#+�d�-.	4+BG�-�2%$#K%$O™BG%$OQ.-,�,

BG%Y!@'26$,�*5.	!8�°OQ%8.€45#+�-%$.-�-,�(b�d�26$#�!1�-4+.-,�hS%$.	D535� �dhi��^„±�45,��-%��-3+,9D�,�.dOQ,FB��šB/!@�-,/68%$.	�2B�!@'E(L4L`

!@'2�7�ŽN"*�,G�

‡

,/,/#c�	35,€�	.	!8(L���	�7%8#+!@'@B/%$#+B/,/DL�t%@OL,�²Y4+!@�-�2%$#+�°!$#+(��-35,™BG%$#�BG,/D5�>%@OLBG%E,�²Y4+!@�-�2%$#+�

(L,�0$,/'2%$D�,�(a�7#�‘ ³@—

‡

,{B/!$#qOQ45'2'7Nq�	!@›8,™D+.-%$H5�„%$O5�-3+,�hS,/�-35%L(L%8'7%86$� B/!@'YD�%

‡

,�.t%$O�´�!1�	,/6$%8.-N

©{35,�%$.	NS‘ “F—5!@#�(~OQ%$'2'2%

‡

!"BG'2,�!$#q�

‡

%@`‰�Ž�	,/DL`‰�d�-.<!1�-,�6$N�T��‰#b!?H+.	�d��†1hS%Y�Ž�€(L,/hi!$#+(L�2#56+†@�d�-,�D

‡

,�!$#+!@'2NL�d,"�-35,��-.<!$(5���	�7%8#+!@']µc¶Œ·°¸t¹tº>»E»iB/%$#+�d�-.	4+B��	�7%8#I%$O>OQ.	,/,c!@'26$,/*+.	!8�/T�Š5%8.{!b6$�20$,�#

Rb`�!$'768,/*5.<!bmˆj�¼	f�o€�-35,"OQ.-,�,"x]`‰!@'26$,�*5.<!�‹
•

mˆj�¼	f�o�½¾m
¿
•�À Á

¼-‹
•

mnf�odoš!$.-� �-,��š!8�š!~²Y45%@�	�7,�#8�

!@'26$,�*5.<!S%@O€�-3+,Sx>`
�-,/.	hi!@'26$,�*5.	!&m�¿
ÂLÀ Ã{¼-‹°Â>mnf�odo�%10$,�.9�-35,SB/!$.-.	�2,/."fa^�©{35,iµc¶Œ·°¸t¹tº>»E»

Ä<Å>ÆŽÇ
ÆdÈ<ÉˆÊ�Ë�Ì1È<ÉnÍ
ÎÏÈ<ÐÑÐ Ò?ÇˆÓ�Ì�Ì@Ô�ÉˆÍˆÆŽÕcÖGÒ"ÍˆË�Æ�×tÔ�ÉnØ°ÆŽÙ�ÎÏÈ<Úc×>Û�Å)ÌFÉ
Ô<ÜnÆŽÊŽÍtÝcÔ/Þ�ßnÞFà	ßQá�âšã

¬



äGå8æ+çdè-é	ê+ä�è	ë7å8æ|ì5é	å1íYë îLïFçšè	ð5ë2ç{ñYê5å$è-ë2ï/æYè�òEó|ä/å$æ+çdè-é	ê+ä�è	ë7æ+ôqè-ð+ï~õ>ö‰çdê+ò+÷@ø2ô$ï�ò5é	÷qô$ï/æ+ï/é<÷1è-ïFî

òEókùwå$ú�è	ð5ïiì5é	åLîLê+ä�èqå$ú?÷@æ­÷@ì5ì+é-å8ì5é-ë ÷1è	ï�îKún÷@ûSë7ø2ó’å@ú?õ]ö‰÷@ø2ô$ï�ò5é<÷$ç�é-ï�ì5é	ï�ç-ï/æYè-ë2æ5ô�è-ð5ï

ü

è	ð5ï/å8é-óLýbå@ú{þnÿ��-ù����

�

ï�îLï/í8ï/ø2å$ì|÷qç-óLçŽè	ï/ûi÷1è	ë2ä"ä/÷1è	ï/ô8å$é	ë2ä�÷@ø5îLïFç-ä/é-ë2ìLè-ë2å$æiå$ú�è-ð5ë ç™ä/å$æ+çdè-é	ê+äGè-ë2å$æSè-ðEê+ç��™ï

ä/÷$æ;ë2æk÷�çdïFäGå8æ+î
	°ï�÷8çdóKçdè-ï�ìkîLê�÷@ø2ë���ïaè	ð5ë2ç~ä/å$æ+çdè-é	ê+äGè-ë2å$æKë2æ’÷�ñYê5ë7è-ïrúQå$é	ûi÷@ø�ä/÷1è	ï/ô8å$é-ö

ë ä/÷@ø
�{÷�ó��

�

ïeå8òLè	÷$ë7æA÷;ä/å@úQé	ï/ï|úQê+æ+ä�è	å$é��������������Fþˆõ������������Fþ! ��aé-ë2ô$ðYè-ö�÷8î#"Žå$ë2æYè

è-åzè-ð5ï’äGå@ö
úQå$é	ô$ï/èdúQê5ø?úQê5æ+ä�è	å$é%$

��

�&���!�'�Fþ( ��)�*�+�!�'��þ
õ��,�.-�ë2í$ï�æl÷Põ>ö�ä/å8÷$ø7ô8ï/ò5é<÷

þnù/�-ÿ���è-ð5ïiä/å@úQé	ï/ï0 aö‰äGåY÷@ø2ô$ï/ò+é	÷&þ�� � þnù&�,�21 �43 5 ��÷$é-ë ç-ï�ç�÷$çc÷eç-ê5ò�äGåY÷@ø2ô$ï/ò+é	÷Iå@úšè	ð5ï� aö

ì5é	åLäGï�ç	ç	äGå8÷$ø7ô8ï/ò5é<÷­þ!� � þˆù����21 �43 5 �rå1í8ï/ébè-ð5ïKä�÷@é	é-ë2ï/éSù6�87{ð5ï&îLê�÷@ø:9<;>=
?�@�ACBDBzä/å$æLö

çdè-é	ê+ä�è	ë7å8æKì5é	å1íYë îLïFç?è	ð5ë2çcç-ê5ò�äGå8÷$ø7ô8ï/ò5é<÷iòEóKäGå8æ+çdè-é	ê+ä�è	ë7æ5ôIè-ð5ïiñYê5å$è-ë2ï/æYè& bö‰äGå8÷$ø7ô8ï/ò5é<÷

ë2æ+îLê+ä/ï�î&òEó&ù å$ú€è-ð5ïSäGå8ì5é-åLîLê�ä�è"å$ú�÷@æ;÷$ì5ì5é	å$ì5é	ë2÷@è-ïFî�ún÷@ûSë7ø2ó)å@ú� bö�ä/å8÷$ø7ô8ï/ò5é<÷$ç{é	ï/ìLö

é	ï�ç-ï/æYè-ë2æ5ôbè-ð5ï

ü

è-ð5ï�å$é	óEýbå@ú9þnù/�-ÿ��,�

E

ç|÷’é	ê5æ5æ5ë2æ5ô­ïGFL÷$ûSì5ø7ï­þQè-ð+÷@è|ë2çiò�ï/ó8å$æ+îPè-ð+ï)è-é<÷$îLë7è-ë2å$æ+÷$ø9ê5æ+ç-å$é-è-ïFîMç-ë7ô8æ+÷1è	ê5é	ï

ûSå$é	ì5ð5ë çdûiçH�<��ïeäGå8æ+ç-ë2îLï�éqè	ð5ïIë îLï/æYèŽó’úQê5æ+äGè-å8é)IJ��KMLONP��KCLONe÷$æ+î’è-ð5ï)îLë ÷@ô8å$æ+÷$ø

úQê5æ+äGè-å8éRQJ�DKCLSN<�TKCLSNU�9ë7è-ðRQ�þnù��V�XW ùZY)ù¤úQå8é?÷@ø2ø>çdï/è	ç?ù ÷$æ+î+Qeþ�[
�V�XW\[)YR[]�

ù^Y­ù_��`aYb` úQå$éi÷@ø2ø{ûS÷$ì+ç�[Z�šù_��` è-ðEê+çbè	ð5ï&÷$ç	çdë2ô$æ5ûSï�æ8è<çzù_c �ed0fJ�

ù\�¢ùZY&ùZ�9ë7è-ðgd0f�þ�hi�j�kW¾þ�h��lhi��úQå$é�÷@ø2øChnm)ù¾îLï�o+æ+ïa÷Sæ+÷1è	ê5é<÷@ø°è	é	÷$æ+çŽúQå8é-ûi÷@è-ë2å$æ

d^�4IqprQ��

7{ð5ï|÷@æ�÷@ø2óEç-ë ç�å$ú�è	ð5ï|äGå8é-é	ï�ç-ì�å8æ+îLë2æ5ô)ç-÷$ûrì+ø7ïrúQé	ï/ïi÷@æ+î[ä/å@úQé	ï/ïSäGå$æ�çŽè	é-ê+äGè-ë2å$æ+ç~÷$ø�ö

ø2ås�?ç9úQå$é�÷�o+é<çŽè�ë7æYè	ê5ë�è	ë7í8ïqë2æ8è	ï/é	ì5é	ïGè	÷@è-ë2å$æ&å$ú�äGå@úQé	ï/ïbäGå$æ�çŽè	é-ê+äGè-ë2å$æ+ç4�ut5å$é�÷iô$ë2í$ï�æ&ê5æLö

ç-å$é-è-ï�îMçdë2ô$æ�÷1è-ê+é-ïeûrå8é-ì+ð5ë2ç-ûwvx�� yp õ¤è-ð5ï�úQå$é	ô$ï/èdúQê5ø�úQê5æ�ä�è-å8é+$z�{���+�!��þˆõ����

������þ( ���úQå$é	ô$ïGè<çcçdå8ûrïn|Ñ÷@ø2ô$ï�ò5é	÷$ë2ärçdè-é	ê+ä�è	ê5é-ïS}�è-ðEê+çcè	ð5ï|äGå8é-é	ï�ç-ì�å$æ+îLë2æ5ôeúQé-ï�ïrúQê5æ+ä�è	å$é

~

�
�O�+�!��þ( ����T�����tþ
õ��?äGå8æ+çdè-é	ê+ä�è<ç9æ5ïG�•|Ñ÷@ø2ô$ï/ò+é	÷$ë2äcçdè-é	ê+ä�è	ê5é-ïS}+÷@æ�î)| ë îLï/æYè-ë�o+ïFç"äGï�édö

è	÷$ë7æbäGå$æ�çŽè	é-ê+äGè-ë2å$æ+ç4}�÷1úŒè-ï�él�{÷@é<î5ç4�•€™å8÷$ø7ô8ï/ò5é<÷@ë ä/÷$ø7ø2ó‚	�å$étë7æaè-ï/é	ûiç>å$ú�ç-óEçdè-ï�û¤ò�ï�ð+÷�íEë7å8ê5é4	

è-ð+ï�äGå$öˆúQå8é-ô8ïGè-úQê5ø5úQê5æ�ä�è-å8é:$

�

�

�‚�+�!�
�

þ( ����ƒ�����
�

þ
õ•��ë2æ8è	ï/é	ì5é	ïGè	ç�÷aç-ë2ûrì+ø7ïS	Yé	ï�çdè-é	ë ä�è-ïFî

ò�ï/ð+÷�íEë2å$ê5é"÷8ç?÷|ç-ì�ïFäGë ÷@ø>ä�÷$ç-ïqå@úš÷SûSå$é	ïqç-å$ì5ð5ë çdè-ë ä/÷1è	ï�î
	+úQé-ï�ïqò�ï/ð+÷�íEë2å$ê5é„�
7{ð+ï/é	ïGúQå$é	ï‚	

è-ð+ïbäGå8é-ïFçdì�å$æ�îLë7æ+ôIäGå$úQé-ï�ïqúQê5æ+äGè-å8é&�
�

�…�����
�

þ
õ•���y���!�
�

þ( ��"é-ïFçŽè	é-ë ä�è<çU| ò�ï�ð+÷�íEë7å8ê5é4}

÷@æ�îb|Ñçdï�ì+÷@é<÷1è	ï�ç"ä/ï/é-è	÷$ë7æké-ïFçŽè	é-ë ä�è	ë7å8æ+çG}�÷1úŒè	ï/é2��÷$é	î+çG	�ë�� ï‚�†	]é	ï�îLê�äGï�ç�÷�çdóLçdè-ï/ûsòEó‡|Ñçdï�ì+÷1ö

é<÷1è-ë2æ5ôˆ}8è	ð5ï~ì+÷$édè?å$ú>è-ð+ïqçdóLçdè-ï/û å$ò�ï/óEë7æ+ôbè	ð5ï~é	ï�çdè-é	ë2äGè-ï�îeì+÷@èdè-ï�é-æ)å$útò�ï/ð+÷�íEë2å$ê5é„�

E

ô$ï�æ5ï/é<÷@ø2ë��F÷1è	ë7å8æ;å@ú�è-ð+ïié-ïFçdê5ø7è	ç�è	å)ûrå8é-ì+ð5ë2ç-ûiçcò�ï/è‰�™ï�ï/æœþnä/åO�Žï�ñYê+÷1è	ë7å8æ+÷@ø€ç-ì�ïFä�ö

ë�o�ä/÷@è-ë2å$æ+ç)þQå8éSï/í$ï�æAä/å$æ+î5ë�è	ë7å8æ+÷@ø~þnä/åO�Žï�ñYê+÷1è	ë7å8æ+÷@ø9ç-ì�ïFäGë�o�ä/÷@è-ë2å$æ+çH�/�9ë7ø2ø?ò�ï�æ+å@è	÷@è-ë2å$æLö

÷@ø2ø2ó�í8ï/é	óIè	ï�îLë2å$ê�çG	�ò5êLè~ç-ð5å$ê5ø î&æ5å$è�ä�÷@ê+ç-ïaì5é	ë2æ+äGë2ì+÷@ø„ì5é	å$ò5ø2ï/ûiç4	�ò�ï�ä�÷@ê+ç-ïqè	ð5ï)þnîLê+÷$øŠ�

‹

ë7é2ŒEð5åŽ•’äGå$æ�çŽè	é-ê+äGè-ë2å$æ&ë ç?ò+÷8çdïFî)å$æ&ì5é	åLîLê+äGè	çaþˆäGå8ì5é-åLîLê�ä�è	çH�9÷$æ+î&çdê+ò+÷@ø2ô$ï�ò5é	÷8ç~þQì+÷$édö

è-ë7è-ë2å$æ�ç2�S÷$æ+îMè-ð5ï;ä/å$é	é-ïFçdì�å$æ�îLë7æ+ô’ä/ø2÷8ç-ç-ï�çSå$úSþˆäGåO�d÷@ø2ô$ï�ò5é	÷8çS÷@é	ï)ä/ø7åYçdïFîAê5æ+îLï�éiè-ð5ïFçdï

äGå8æ+çdè-é	ê+ä�è	ë7å8æ+ç<• •i	’‘#“”�

•

é	å$ò+÷$ò5ø2óqè-ð+ï"æ5ïGFYè{çŽè	ï/ì+ç™çdð+å$ê5ø îSúQåLäGê+ç�å$æiè	ð5ï�÷$æ+÷@ø2óLçdë ç€å$ú]ûrå8é-ï?ä/å$ûSì5é	ï/ð5ï�æ+ç-ë7í8ï

ï�F5÷$ûrì+ø7ïFçt÷8çG	�úQå8étë2æ+çdè	÷@æ�äGï‚	S€u–

•

• —s“”	�è-å�é-ïF÷$ä<ða÷"ò�ï/èdè	ï/é€ë2æ8è	ê5ë7è-ë2å$æb÷$æ+îqê+æ+îLï/é<çdè	÷@æ�îLë7æ+ô

å@ú�äGå$úQé-ï�ïcä/å$æ+çdè-é	ê+äGè-ë2å$æ+ç9÷$æ+î|è	ð5ï/ë2é?ì�å@è	ï/æYè-ë ÷@ø°és˜ å$ø2ïcë7æ%–EóLçdè-ï/û™–Eì�ïFäGë�o�ä/÷@è-ë2å$æM�

ša›VœŽ›:•z›:žRŸj›V 

•�¡�“6t
�

‹

÷$édè	ï/ø çG	

E

�ˆ–Eå‚Œ8å$ø2å1í1÷…	8÷$æ+în¢V�5îLï<£"ë2æ…Œ'�

E

ð5ë7ï�é	÷$é	ä<ðEóSå@ú„ì5é	å$ò+÷$ò5ë7ø2ë çŽè	ë2ä�çdóYè	ï/û

èŽóEì�ïFçG�¥¤�¦•§ˆ	ˆ¨‚©‚©‚ª’�z–Eê5ò5ûSë7èdè-ïFî
�

¨



« ¬#­6®6¯i°�±’²l³†´’µO¶b¯…·&²l¸S¹‚º,»i¼j±…¸i½iºSµS¾Ž¿ˆ½ÁÀ6¯DÂÃ¸‚Ä�ÅlºG²„¯CÆ:Ç…Ç…Ä†³†È4¾sÅl³†¸‚¿ˆÉ�¸‚ÊCÈG¾sÅ2ºG´S¸‚²2Ë/Å2±…ºG¸S²lË

Ål¸jÅ2±…º�¾‚²lº„¾u¸ŽÊ’¾‚Ä�´SºGÌ…²H¾Ž³ŠÈzÉÍÇ�º4ÈG³ÏÎ�ÈG¾sÅ2³�¸S¿U³�¿¥È�¸‚Ð�Ç…Ñ…ÅlºG²•ÉlÈG³�º4¿’È�ºS¯OÒ�ÓSÓ�ÔkÕ!ÖH×�Ø�ÙŽÚ”Ö”ÛOÜsÝ,Õ!ÞHÙsÔ

ß

ÚàÝ,á’Þ�ÚàáiÝlÖ�â,µDãˆä‰å#æ,ç†å,»DèOéiµ�å4êSê‚ë…¯

« ès­6®6¯•°�±…²2³�´%¾‚¿’½bì&¯�¶%¾‚±…²„¯%íMáiî�×SÙsï�Ö�îˆÚ”ÙŽÔXâ+Ü‰ð0Ò�Ô ÛSÖ„ñGÝlÙsÕ!Þ

ß

Ó…ÖHÞGÕ ò�ÞHÙsÚàÕ!Üsî8ó‚ô+õjö�á’ÙŽ÷

Ú�Õ!ÜŽî…â�ÙŽî�×<ø,îˆÕ>Ú�Õ!ÙŽÔ

ß

Ö�ï�ÙsîˆÚ�Õ!Þ�â,µSùS¸‚Ä†Ñ…Ð�ºVã<¸ŽÊ�õ�Ò6ú�Ø

ßRû

ÜŽî�Ü2ÛŽÝ2Ù2Ó…üDâ<ÜŽîbú'ü…ÖHÜŽÝlÖ�ÚàÕ!ÞHÙsÔ

Ø�Üsï:Ó�áiÚýÖ�Ý

ß

Þ�Õ!ÖGî�ÞHÖG¯�þDÇ…²2³�¿…´SºG²„µ…ì
ºG²2Ä�³†¿Mµ
å4êSëSé…¯

« ÿŽ­6®6¯
°�±’²l³†´�¾Ž¿ˆ½%ì&¯�¶%¾‚±…²„¯<íMáiî�×‚ÙŽï�ÖGî’ÚýÙsÔkâ0Ü‰ð6Ò�Ô ÛOÖ4ñGÝlÙŽÕ!Þ

ß

Ó’ÖHÞ�Õ ò
Þ2ÙŽÚ�Õ!ÜŽî��Oô

û

Ü4×ŽáiÔ�Ö

ß

Ó’ÖHÞ�Õ ò
Þ2ÙŽÚ�Õ!ÜŽî…â¥ÙŽî�×)ØzÜŽî…â,ÚàÝlÙsÕ>îˆÚ!â,µ’ùS¸‚Ä†Ñ…Ð�º/¬iåU¸‚Ê�õ�Ò/ú�Ø

ßÃû

Üsî�Ü2Û‚ÝlÙ2Ó’üOâ0ÜŽî ú'ü…ÖHÜŽ÷

ÝlÖGÚ�Õ!ÞHÙsÔ�ØzÜŽïVÓ'áiÚ”ÖGÝ

ß

ÞGÕ!ÖGî�ÞHÖ�¯
þDÇ…²2³�¿…´SºG²„µiì�º4²lÄ†³†¿Mµ
å4êSê��…¯

« é#­6ì&¯��S¾SÈ�¸SÌ’É6¾Ž¿ˆ½��ˆ¯�¼VÑiÅÍÅ2ºG¿M¯RÆ ÅlÑ…Ål¸‚²2³Š¾ŽÄ�¸S¿8ä���¸OæÍÆVÄ†´‚º4Ì…²2¾SÉU¾Ž¿’½ ä	��¸Oæ�
ý¿’½iÑ’È�Ål³†¸‚¿M¯

�

áiÔ>Ô†Ö�ÚàÕ>îÃÜÍðUÚ>ü’Ö&õ�Ò6ú�Ø

ß

µ’ãS¬…ç ¬S¬‚¬#»i¬‚é‚ê…µ��SÑ…¿…º�å„ê‚ê�
i¯

« ãs­6®6¯M¼jº4³†ÈH±’ºGÄà¯¥ø,îˆÕ>Ú�Õ!ÙŽÔjØzÜŽïVÓ'áiÚ”ÙSñ�Õ>ÔÏÕ>Ú����VÒ�Ô ÛSÖ„ñGÝlÙsÕ!Þ

ß

Ó’ÖHÞ�Õ ò
Þ2ÙŽÚ�Õ!ÜŽî…â���Ùsî'×��jÙŽÝ,Ú�Õ!ÙŽÔ�Ò�Ôk÷

ÛSÖ„ñGÝlÙ#â,¯����DÊ(¸‚²H½+À:¿…³†ù‚ºG²HÉl³ÏÅ‰Ë���²lº„ÉlÉ4µ����DÊ(¸‚²H½
µ'å4ê‚ë�
D¯

«�
„­��’¯ �ˆ¯ ¶b¯ ¶b¯‚¼VÑiÅÍÅ2ºG¿M¯'ÀV¿…³†ù‚º4²2É2¾ŽÄ…ÈG¸S¾‚Ä�´SºGÌ…²H¾…çMÆ{Å2±…ºG¸S²lË¥¸ŽÊ
ÉÍËiÉÍÅlºGÐ�É4¯uú�Ø

ß

µS¬ŽÿSê’ç ès»Dë��’µ

¬�� ���…¯"!•³�²HÉÍÅj¾‚Ç…Ç�º4¾Ž²2º4½n¾‚Éj¼VºGÇ�¸‚²lÅ��uþ�#”¼VêSãSéS¬iµ���Â$
,µ’ÆVÐ�ÉÍÅlº4²2½…¾‚Ð å4êSê‚ã’¯

« ës­6À6¯0Â]¸SÄÏÅ2ºG²„¯%��¿&��¸S²lº4Ä†¾ŽÅl³†¸‚¿’É4µ'��¸ (‚º4²l¿…º4Ä†É4µ+¾‚¿’½)��¸Dº+*OÑ’¾ŽÅl³†¸‚¿’É4¯,
ý¿™®6¯�¼jº-#

³†ÈH±’ºGÄàµiº4½i³�Ål¸S²4µ�ú'üDÕ>Ýl×/.PÜsÝ10sâÍü’Ü2Ó Üsî Ø�Ü„ÙsÔ ÛOÖ4ñGÝlÙŽÕ!Þ

û

ÖGÚ(ü…Ü„×#âUÕ>î Ø�Üsï:Ó�áiÚýÖ�Ý

ß

Þ�Õ!ÖGî�ÞHÖ

2HØ

û

Ø

ß43

��5�5 5�6��

�

ÖGÝ,ÔkÕ>î��87VÖGÝ,ï�ÙŽî����9�
ÝlÜ„ÞHÖ2ÖH×ŽÕ>îOÛŽâHµ'ùS¸‚Ä†Ñ…Ð�ºÁå4è�¸‚Ê�°9:�;��uþ
µ’Ç’¾‚´‚º4É

èŽÿ<
4»DèSã‚ã’¯S°�ÄŠÉlºGùD³�º4²VþiÈ�³†ºG¿’ÈGº‚µˆ¬���� �…¯

« ês­6À6¯…ÂÃ¸‚Ä�Ålº4²4¯9�uþ<�:µ���¾‚²ÍÅ2³†¾‚Ä
ÆVÑiÅ2¸‚Ð�¾sÅH¾…µ…¾Ž¿ˆ½=��¸O¾ŽÄ†´‚º4Ì…²2¾SÉG¯Uú�Ø

ß

µˆ¬Žë �…ç è#»ièŽÿ’µi¬�� �S¬…¯

è



>�?"@�ACB�DEAEF�GIHKJML�?NHPO4Q�?"B�FRL�A

SUT8V�WYX�Z"["X []\_^N`+W�aY\_b Wdc

e�f�gihkjRlnm�j+oUp1g�q

r�s�t	u�v�u�w u�x4y+zI{NyY|~} w u�xi•�€�•�v‚x�s�•ixYƒ�„�s�v‚…�xi•�t†v�u�‡�y+z�ˆŠ‰-•†u�w

‹�Œ •�v‚vŽ…�vŠ•�ƒ�•+‘+’Y‘Y“�ˆŠ‰-•†u�w”ƒ�•�t	u�y+s�vŽ‰

xi–—|�‰+v‚˜š™d›�œY•-ž�Ÿ� Š¡£¢�Ÿ�¤-¥�•dœ�¦R§d¥n¡�Ÿ�Ÿ

¨

piq�©�ª«q�g�ª¬o1jRh­q�© pi®°¯+o±¯R²�©�o1®³ª<jRg~¯-² hk´«µ<piq�p1®°²�©�o8ª<² ®¶©�·Eq�p8hk²�o�p¹¸ºoUp1j+´�ok»š¸¼®³o¹p1½�j

l¶jYq�oUp"®°©<¾�©�®Žpij4² giª«®¶©�q�l³¿-À�Á4Â­Ã—ÄÆÅdÇ�È1É«Ç«Ê�Ã	Ë�ÈÆË�ÌÍÅdÇŠÃ—Ê�ÎiÈ+Ï�²�©«jÐhkj+q�©�o"q8oUj+hkq�©�p1®³¯Ro"q�¯+¯-²�g�ª<®°©«·

p1²ÒÑP½�®°¯�½�¯R²�hk´«µ<p�qdpi®¶² ©Íh­q�Âk¯R²�©�p1®°©�µ«j±q�Óšp1j+g�q�©�®¶©<¾”©«®Žpij±©�µ«hÕÔ”j+g�²�ÓIoUp1jR´”oÖÓ£gi²�h×o1²�hkj

l¶®°hk®Žp�oUpiq�p1j�ª<jRp1jRgihk®¶©�j+ªEoU² hØj+½«²dÑÙÔ�Â­pi½«j~®°©<¾�©«®¶p1j�¯R²�hk´«µ<p�qdp1®°²�©E´_jRg1Ó£²�gihØjYªÚÀ

Û�g�q�©�oU¾�©«®¶p1jPo1jRh­q�©�pi®°¯+oI½”q�Ü�j4Ô”j+jR©­o�piµ�ª<®°j+ªÕ¾�g�o�pÝÓ£² g"Ó£µ«©�¯-p1®°²�©�q�l<´«g1² ·�g�q�hkhk®¶©�·�Ï�oUj+j

Þ ßdà

À_áPj+¯RjR©�p1l°Â�Ï”p1g�q�©�oU¾�©«®¶p1jÕoUj+hkq�©�p1®³¯RoP²�ÓÖ®¶hk´_jRg�qdp1®°Ü�j~l³q�©�·�µ�q�·�j+o�q�gij�q�l³oU²­Ô_jRj+©â®¶©�Ü j+oUã

p1®°· qdpij+ªÚÀ”ÛÐ½«j~h­q�®°©Ehk²�p1®°Ü�q�p1®°²�©'½�q oPÔ”j+jR©'gij+q�o1²�©�®¶©«·­q�Ô”² µ<p�¯-² g1gij+¯-p1©«jYo1o4²�Ó"´«gi²�· giq�h

p1g�q�©�oUÓ£²�gih­qdp1®°²�©�À ä†©

Þ å�à

Ï�pigiq�©�o�¾”©«®Žpij¹o1jRh­q�© pi®°¯+o�q�g1j8ª<j+Ü�jRl°²�´_j+ª�ÑP®Žpi½�pi½«j8q�®°hæ²�Ó�²dÜ jRg1ã

¯-²�hk®°©«·�p1½«jâo1²�ã†¯Rq�l¶l°j+ªçÈÆË�ÌÍÅdÇŠÃ—Ê�Î�ÅdÇ_èdÌÍÅdéŽêë²�Ó8´«gi²�·�g�q�hìo1l¶®³¯-®°©«·�ÑP½«®³¯�½íq�gi®°o1j+okÑP½«j+©

®¶©<¾”©«®Žpij~l¶²�² ´�oPq�gij~oUl°®°¯Rj+ªEq�Ñ4q�Â

Þ�îYà

À�ÛÐ½«j~®³ª<j+qØÑÐq�o4´«gi²�´_² o1j+ªEq�l°g1jYq�ª<Â­®°©

Þ ïdà

À

ä†©�²�µ�g�Ñ4²�giðÕ®°©E´«g1² ·�gij+oioRÏ�Ñ�j¹l¶²�² ðÕÓ£² gÐhkq�p1½«j+h­qdp1®³¯Rq�l¶l°Âkg1®°·�² g1² µ�o9o1´_j+¯-®¶¾”¯+qdp1®°²�©�²�Ó

oUl°®°¯R®¶©�·Cµ�o1®°©«·�pigiq�©�oU¾�©«®¶p1jÕp1g�q�¯-jko1jRh­q�©�p1®³¯Ro+Ï”p1giÂ�®°©«·Cp1²'·�²CÔ”j+Â�² ©�ª=pi½«jkg1jYoUµ«l¶pio¹²�Ó

Þ å�à

À

Û�g�q�©�oU¾�©«®¶p1j9p1g�q�¯Rj4o1jRh­q�©�pi®°¯+o�²�Ó”qñ´«gi²�· giq�h¼®³oNÔ�q�o1®³¯Rq�l°l°Â8q±oUjRpN²�Ó«p1g�q�©”o�¾�©�®Žpij4o1j+ò�µ«j+©�¯-jYo

²�Ó�oUpiq�p1j+o±²�g8¯-² ©<¾�· µ«giq�p1®°²�©�o±o1q�p1®³o�Ó£Â�®°©«·C¯RjRg1piq�®¶©¬¯R²�©�ª«®Žpi®¶² ©�oRÀÚÛIgiq�©�oU¾�©«®¶p1jÕo1j+ò�µ«j+©�¯-jÕ®°o

qÒÓ£µ�©�¯Æpi®¶² ©EÑP½�² o1j8ª«²�h­q�®°©C®³oñqko1jR·�hkj+© pP²�ÓI²�g�ª<®°©�q�l³o+À

ÛÐ½«®°o"´”q�´_jRgÖh­q�ð j+oÝq8oUp1jR´Øpi²dÑ4q�giª«oIpi½«®°o9q�®°hM´«gi²dÜ�®°ª<®°©«·~¯-² g1jY¯-µ«g�o1®¶² ©~p1½«j+²�gijRh­o"Ó£² g

ó

µ�o�pi®ŽÓ£Â�®°©«·Ío1²�hkj8ð�®°©�ª«oñ²�ÓNª«j-¾�©«®¶p1®°²�©”oP²�ÓIp1g�q�©�oU¾�©«®¶p1j8pigiq ¯-j8oUj+hkq�©�p1®³¯Ro+À

ôn®°ð�j=gij+¯-µ�gio1®¶² ©nÏPÎ-è�Ä-ËYÎ+õ�ÄiÈ1ÊšèdÇë®³o�q/oU´_j+¯R®°q�l�ð�®¶©”ª$²�Ó~ÑÐq�Â/²�Ó�ª<jR¾�©«®°©«·öÓ£µ�©�¯Æpi®¶² ©�oRÀ

ÛÐ½«jÒo1²�µ«©�ª«©«j+oioP²�ÓÝÔ_²�pi½=g1jY¯-µ«g�oU®°Ü�j~q�©�ª=¯-² g1jY¯-µ«g�oU®°Ü�j~ª<jR¾�©«®¶p1®°²�©�o�®¶©'pi½«jÒ¯+q�o1j~²�Ó"p1½«j+®¶g

oU®°hk´«l¶jYo�pØÓ£²�gih­oØ®°oØ²�Ô�Ü�®°²�µ�o+÷I½�²dÑ�j+Ü�jRgYÏ�´�g1²dÜ�®°©«·¬®¶p­®°oko1µ«g1´�g1®³oU®°©«· l¶Âø½�q�giªÚÀ"ÛÐ½«j+g1j'q�gij

Ñ�² g1ð<o8pig1Â�®°©«·âpi²â·�®°Ü�jÍ´�g1²�²�Ó—o�p1²�¯-²�gij+¯Rµ«g�oU®°²�©�p1½�jR²�gijRh­oÕqdpÕÜ jRgiÂù· jR©«j+giq�lÖl°jRÜ�j+l�÷Ip1½�j

g1jYq�ª<j+g4Ô_jR®°©«·­®°©�p1jRgij+oUp1jYª�®°©'®°oÐgij+¯R²�hkhkjR©�ª«j+ª�p1²ÍoUp1µ�ª<Â

Þ¶úRà

À

û

µ«g¹q�®¶hü½�jRgijÕ®³o±p1²E·�®°Ü�jÕ¯R²�gij+¯Rµ«gio1®°²�©'p1½�jR²�gijRh­o±Ó£²�g¹Ô_jR®°©«·=q�Ô«l°jÒpi²E¯�½�j+¯�ð'j+q oU®°l¶Â

p1½«jkoU² µ«©�ª<©�j+oio�²�ÓÝp1g�q�©�oU¾�©«®¶p1jkoUj+h­q�©�p1®³¯Ro+À_ý±o�½�®¶©�p1jYªâÔ_j-Ó£² g1j Ï”pi½«jØ®°ª<jYqÍ®³o±p1²�´�g1²dÜ�®³ª<j

Ñ4q�Â<o¹p1²â¯R²�hk´«µ<pij­l¶®°hk®ŽpØo�p�qdp1jYo8®¶©�pi²=ÑP½«®°¯�½�¯R²�hk´«µ<p�qdp1®°²�©ø½�q�´«´_jR©�o8pi²'Ó—q�l°l�q�Óšp1jRg�q�©

®¶©<¾”©«®Žpij~©�µ«hÒÔ_jRgñ²�ÓNoUp1j+´�oRÀ

ýñ©â² giª<®°©�q�l�®³o±¯+q�l°l¶jYªâqÍé°Ê¶ÌkÊ�ÃPèdÄRþ Ê¶Ç”Å�é�®¶Ó9®¶p±½�q o�©«²C®¶hkhkj+ª«®°q�p1jÒ´�g1jYª<j+¯Rj+oioU² g+÷«²�p1½<ã

jRgiÑP®°o1j�ÏI®ŽpØ®°oÕ¯Rq�l°l°j+ª�q¬È+õ<Î+ÎÆËÆÈiÈÆè�ÄÕè�Ä+þ�Ê°Ç”Ådé�ÀIÛÐ½�j�l°j+q�oUpÒl°®¶hk®¶pÕ² giª<®°©�q�l°o�q�g1jCÿ«Ïn¸ñÏ�¸����

j-pi¯�ÀÖ»£®°©�p1½«j­l°®ŽpijRg�qdpiµ«g1j ÏÚÿC®³o8²�ÓšpijR©�j��«¯-l°µ�ª<jYª�¿ÆÀ�ä	p8®³o~¯-l°j+q�g¹p1½�q�pÒoU² hØjRp1½«®°©«·E©«jRÑ ½�q o

p1²=Ô_jÍ¯Rq�gigi®¶jYª¬®°©�Ó£²�g~l°®¶hk®¶pÒ²�g�ª<®°©�q�l³o¹²�©«l°Âùo1®¶©”¯-j�ÏnÓ£²�g�q�©�Â¬o1µ�¯+¯-j+oio1²�g8²�g�ª<®°©�q�lÝ· g1jYqdp1j+g

p1½�q�©ø¸ñÏn²�©«jÍ¯+q�©ø´_jRg1Ó£²�gih q�©�q�l¶² ·�² µ�oUl°Â'p1²â¾�©«®¶p1jÍo1µ�¯R¯Rj+oioU² g~²�g�ª<®¶©”q�l³oRÀ��=² g1j+²dÜ�j+g+ÏŠ®¶p

®°o�j+q�o1ÂÍpi²�o1jRj~pi½�qdpYÏ�®¶ÓÖ²�©«j~½�q o�ª<jR¾�©«jYª'l¶®°hk®Žp¹Ü�q�l¶µ�j+oÐpi²�q�©�Â'oUµ«Ô”oUjYò µ�jR©�¯Rj~²�ÓÝl¶j+©«·�pi½

¸ñÏI² ©«j�ª<²�j+oÕ©«²�pÒ½�q�Ü�jÍp1²ùª«²¬q�©�Â�p1½«®°©«·âhk² g1j�q�Ô”² µ<pÒ¸��	�«Ï�¸���
=jRpi¯�ÀNÔ_j+¯Rq�µ�o1jÍp1½�j

l¶®°hk®ŽpÐÜdq�l°µ«j+o�²�ÓIo1µ�¯�½�o1j+ò�µ«j+©�¯-jYo�q�g1j±q�l°g1jYq�ª<Âkª<j-pijRgihk®¶©«jYªÍÔ�ÂØp1½«j8o1µ«Ô�o1j+ò�µ«jR©”¯-j�²�Ónp1½�j

l°q o�p8¸¼j+l¶j+hkjR©�pio+ÀnÛÐ½«®³o8®°o~q�©�q�l°²�· ²�µ�o�p1²Ep1½”qdp~®¶©�¾�©�®Žpijk¯+q�o1j�ÏŠpi½«j­¯-²�hk´«µ«piqdpi®¶² ©�oUp1j+´

p1²ÍÔ_jÕª<² ©«jÒª<²�jYoñ©«²�p±ª<jR´_jR©”ª=²�©=½«²dÑ]h­q�©�Â'¯-² hØ´�µ<piq�p1®°²�©âoUp1jR´”oPp1½�jRgijÒq�gijÒq�l°gij+q�ª«Â



��
������	����
������������ 
"! 
�#$�&%'
(! )����+*,���-*�
�.�/ 
(!�0�
1�����&2&� 3405�6�	! 
"�+7�*8����� ���:9$3'� 
;7�%<3'��3=�

��/ !+0>��3<�	!?7@��
1ACB�D$ACE@D 
(��0��+F,� 34*,)�3'9�
�*,��34*�
1������� 
"����%'%<�:2&3'! )G! �@��3<�	!��

HJI�KMLONQP�NQRSLUT�VXWGY�Z5[:\]\-[@^`_:a�b:c]^S[@\+dfe�gih>j5k'l+h�mnc o�p�o�_:a�Y(q:Y�a>rtsvuwdx[:^Sbzy�p

sJ{vy}|xd•~�€ yJ|xd-•

‚

!6�@��� 
(�ƒ2ƒ���5� *(D

d

3'*,*�
(%<„�*��63<…}��� 
"28
�%<%<†‡���5��
(�8�@����� 
1��7@���ƒ��
(�ˆ7@3'! 3'! )t2&�+
(!J0(/���†

��3'! )t7‰2,7‰Šz7@!$Št3'! 3<��347@%�*�
()	��
(!��‹�����	�Œ��� 
•2ƒ
(%'%=†‡���5��
��-��
(�+��
Ž*�
�!	��
��G•$Š

d

3'*‹34*���������� � 340

���

d

3=�5*�
�%=�•�+��
(%<„�*��‘7@��
1��� ��*�
"! �	!�†“’�
(���t�	����3'!+7�%'*8����7:�•0(7�! ! �@�,•S
”��
�� ��
Ž*�
�!���
��67�*ƒ���+


*�/ �•�@�O�•28�����5��3'!+7@%4*ƒ•������‘%'
�*�*ƒ���+7�!}3<���

–

���8
�# 7@��� %'
�D	A•D	ACB@D	ACE@D�
���0���7@��
—*�
�%=„S*���˜	A‘™�š

|

A

{

An3'*8! ���ƒ*�3<!+0(
—��
(� ��
�*�
(!���
��

7�*z7?*�/ �›�@�,�•28�?�	��� 3<!+7�%'*"•S�@���n%<
Ž*�*”���+7�!n3=�Ž�OF,� 34*z! ����3'��!n0(7�����/+��
Ž*”� ��
�0�34*�
(%'Šf���+


œ

3'!+�w�@�—�	����3'!+7�%'*t������2&� 3405�•7X0��	��
Ž0�/ ����
�!�����
�„�! 3=��3<�	!w��/+*•�ˆ� ���:9$3'� 
67`0(����� /���3<!+)

��/ %'
�� ž—�@��
"���+7@�zŸ;34*&7@%4*���*�
(%<„�*��i ¡��� 
”%'
�7	*•�•7@���	! )t��� 
(�‘�

F,� 
;����%'%<�:2&3'! )���
Ž*�/+%=�,����%'%'�:2•*C�������¢��� 
”2ƒ
(%'%<†

œ

! �:2&!J%'7‰2•*ƒ�@�M���5��3'!+7@%£7���3<��� ��
(��340@�

¤"¥‰R�¦CRS§�NQP�N¨R�L©T�V�ª�«]¬�­ƒq‰Y(a>r®_:a�b:c]^S[@\-¯`e°gwc4±ˆ²�^+cQ³(²+Y�\´r?a�Y‡µ¶a�Y>±(Y(^+·¸[�¹(\<YJc]^w·�º Y1o�_:a>»

¯"|¼s}{nd•½Oº+Y�a�Y—d�c4±;±(Y(\ ¾‹±�º®[:^Sbts¼c4±”·�º Yt\<Y5[‰±>·¶o�_:az½Oº�cQZ�ºf·]º�c4±tY�³(²+[:\=c]·¨r�º+_:\<b:±�¿

ª�«'«4¬,­ƒq:Y�a>r�_@a�b:c]^¶[:\$¯te�gic4±•²�^�cQ³�²+Y(\´rza�Y‡µ¶a�Y>±(Y(^+·¸[�¹(\<Y1c]^J·�º YOo�_:a>»À¯z|�d•{6Áw½Oº Y(a�Y

d•c4±"±(Y�\ ¾Â±�ºf[:^¶bzÁÃu�¯ ¿

Ä


��&ÅÆ•S
17�!ˆ���5��3'!+7@%S7@!+��%'
��,Ç&È

«4É•Ê+Ë

��
(! ����
—��� 
—*�
��ƒ�@��7@%'% ����7�!+*�„+! 3<��
•%'3'*���*8�:9�
��

Ë

�@�8%'
(!+)@���X%'
�*�*;���+7�!vÅ��

Ä


��zÌ&Í‘��
(!+�@��
G��� 
i*�
(�”�@�&7@%'%‹���5��3<!�7@%4*1%'
�*�*;����7@!

¯

�

Ä


(�

Ê�Î@Ï	Ð�¯¶Ñ

7@!��iÒ�Ó�Ô�Õ

¯¶Ñ

��
�! �@��
•���+
•���57@!�*•„+!+3=��
•%<34*��82&� 3405�i34*C�	•���7�3<! 
Ž�G�����	�

Ñ

•$Š��57

œ

3'! )

7@!+�}������� � 3'! )�D���
Ž*��S
�0���3'9�
(%'Š�D$��� 
"„+�5*•�

¯


(%'
(��
(!��5*ƒ�����	�¢3<���

Öz×

I$R�¥:I�ØÙT�VzÚÛY(·ÛÜvpÛË•¹5Y”±(Y(·Q±(¿£ÚOY�·

ÝŒÞ

Üàß

Ÿ

{wËzá

â

Þ

ãä

åçæ

èŽé�ê

èCëQì]í î(ë]ï

ª

ÌCð

ßñË1¬•ò(ó

ô

ßñÜ®•

õ

±5±>²�»�Yt·]º+[:·¨p�o�_:a�[:^�rˆ±(Y�\ ¾Â±�º®_@a�b:c]^¶[:\ö±;÷�pÛd�±>²+Z�ºf·�º [:·Â÷®u�d`u

Å

pƒ[@^Sb6·¨a�[:^ ±�¾C^+c]·¸Y

\´c4±>·-Ñ-ønª

Ìƒð

ßñË;¬5pC·�º YGY5³�²+[@\´c]·“r

â
ªQÑ¨¬Â|

â
ª

Ò�Ó�Ô	Õ

÷tÑ“¬

º _:\'b‰±(¿1ù¶º Y(^®·�º Y(a�Ytc4±t[ˆ²�^+cQ³(²+YÂo5²�^¶Z�·“cQ_:^‘ú

Þ

Üûß

Ç&È

«'É�Ê�Ë•±5²+Z5º‘·�º [@·

ü

¿zc o

Ý

ª�y¶¬C|Æý6ø}Ë¢·]º+Y�^Jþ Ð�Î

Ò

ª¨úMªQyS¬�¬ƒ|xý�p

c o—úMª�y¶¬ƒø

Ÿ

·]º+Y�^‘úMª�y¶¬Â|�ÿ��'ÿfb	Y�^¶_:·¸Y>±”·�º YGY�»—µS·“r�±(Y5³�²+Y(^SZ5Y����

�

¿zc o�� úMª�yS¬	��
wd�[:^¶b”dfu

Å

c4±"±�Y(\ ¾Â±�º?·]º+Y�^

Ò Ó�Ô	Õ

d‘ª¨úMªQyS¬�¬ƒ|ÆúMª
â

ª]Ê5Î@Ï	Ð¶d‘ª“úMª�yS¬�¬�¬�¬>•

�


(��
�D

â

� %47‰Š�*;��� 
�����%'
��@��
�%'3<��3<�z���S
(�57:���	���t•+/��z3=�z34*”7@%4*��J/+*�
��`���	�

dv|

Ÿ	D£3¨� 
��

�����z�	����3'!+7���ŠX*•��
(�+*��Ož—�@��
i���+7@��D��57

œ

3'! )

dx|

Ÿ�DO��! 
ˆ�	•���7�3<!+*�0��	!+��3<��3'��!+*z*�3'�G3'%47@�”���

*•����
Ž7@�û0��	��
Ž0�/ �5*�3'��!?3'!f��� 
�*�
�!+*�
t���+7@�1��� 
���
Ž*�/+%=�;%<34*•�"34*;� 
�„+! 
Ž�f3'!f�•2ƒ�6�+7����5*��S��!+


��
���
(���G3'! 
Ž*,3=�5*&� 
�7	�J7�!+�J��� 
”����� 
���D 0(����
�0(/ ��*�3'9�
(%'Š�D�3<��*,�57@3'%¨�

F,� 3'*—2ƒ7	*,���+
�0��	��
Ž0�/ �5*�3<�	!6���	�1��
(��
(����3<!+3'*���340t*�
(�ˆ7@!���3'0�*(˜���� 
z���	%<%'�:2&3'! )ˆ���+
(����
(�

�����&! �	!�†‡� 
���
�����3'! 34*•��3'0"*�
(�ˆ7@!���340(*,34*&7@!�7@%'��)��	/+*��



���������������! �"$#�%$&('$)+*,#.-�#�%/-�0!"�#1%

243

&6587:9;)�<

=

3

>?

@BA

C�D�E

CGF/HJI K�FJLNMPOGQ

5R)TS�U�V

W

5YXZ&\[

]

-,-_^�`a#�%Jbdc�%P'�e1f�gac�h�ij-�#1k lm-nbofpgnq�rJhZc�ks-utv'$wx-_^dyzb\%{b|c�%mto}~w•}•€�'‚cphƒq„%Pgzc�h|-{lGhdrJ%…#

k†r‡-_%‰ˆ‰Š

M/O‚Q

5R)uS,'G%{b|#‹#,Œ1^dcpk†rJ%•i

=

M

ˆPSmŽ

=

MP•�•n‘“’

t�ˆ•S

b|f�k”q•-�0T–Zb|#�ho%{b|#�gn#�r‡-�cjk—cpgP˜“#1-_%ƒe,^�hZy1%•r/f�hš™

3

&›5œX

M/•Ÿž$ ”¡£¢

)uS¤-_^dyzb¥%Jbdc�%

¦ 0�r e

2

M{§

SGŽ©¨„Šª)«%Jbd#1hd'de1f�g¬#�­�#1g_i�ˆ�Š¥™

M{§

S,'$®|¯�°

•

ˆ$Ž±¨�'

r e²™

M{§

S‚Š�7³%Jbd#1hš™

M{§

SmŽµ´1¶�·“¸

¹ 0Ge1f�gac�hdi„-�#1k lm-nbawºc�hZq»%Pgncph|-{lmh�rJ%¼#�k†r‡-_%½ˆmŠ

M/O Q

5¾)uS.-_^dy,bo%Jbdc�%¿%Jbd#1gz#‹#zÀ“r‡-_%/-¬cph

Á

Š\™

M{§

Sme1f�g.Â�b�r/yzb

¢

°pÃN¯Zw

Á

Žºˆ…'½%Jbd#¬#,Œ�^dc�k†rJ%•i

´

Á

Š\™

M{§

SŸÄ

¢

°pÃ“¯Zw

Á

Ž©ˆ|Å

•�•z‘N’

w

Á

·TŽ

A

Æ�ÇNÈ!ÉËÊËÌ

™

M/Í

S

b|fpk—q•-�0

Î¿Ï|Ð	ÑnÐÓÒzÏ|Ð�Ô“ÕnÐ	ÖaÑ‚Ïd×•Ø“Ð²ÑnÔNÖaÐTÖaÔ“ÕnÐTØ•×NÕnÙ‡×pÚ�Ò,ÑGÛŸÏ|Ù‡Ü,Ï»Ü	×pÝ�ÒzÞ|ÕzÐ²ÖaÔNÕzÐuÜ�ÔNÚdÜ�ÕnÐ�ÒnÐ	ß—à‹ÒnÏdÐ

Ñ£Ù—ÒnÞd×pÒnÙ”ÔNÚªÔpá‰ÒnÕ,×pÚdÑ£âdÚ|Ù—ÒnÐ.ÑnÐ�Öj×pÚ�ÒzÙ”Ü	Ñ�ã

ä

ÒmâdÕ,Ñ�Ò:ÑnÙ”åNÏ�Ò	æ“ÔNÞ|ÕGÜ�ÔNÕzÐ	Ü�Þ|ÕzÑnÙ”ÔNÚ¬ÒnÏ|Ð	ÔNÕzÐ�ÖjÑm×pÕzÐŸÕzÐ�ß‡×�ÒnÙ”ØNÐ	ß—à‹Ñ�ÒzÕz×NÙËÒzÐ�Ú|Ù”Ú|å�Ù”ÚaÒnÏdÐTÑnÐ�ÚdÑnÐ

ÒnÏd×pÒ‰×pÚ�àuÑ£Ù”Ú|åNß”ÐGÜ�ÔNÖaÝ�Ô“Ú|Ð�Ú�ÒvÔNád×pÚ�àTÑnÐ	ç�Þ|Ð	ÚdÜ1ÐGÜ�ÔNÚdÑ£ÒnÕzÞdÜ1ÒnÐ	èué�àTÒnÏ|ÐGá{Þ|ÚdÜ_ÒzÙ—Ô“ÚdÑ$è|Ð1âdÚd×Né|ß”Ð

è�Ð1ÒzÐ�ÕzÖ‹Ù”Ú|Ð�Ñ$×pß”ß“ÒnÏ|Ð½á{Ô“ß—ß”Ô�ÛŸÙ”Ú|å²Ü1Ô“ÖaÝ�Ô“Ú|Ð�Ú�ÒzÑ$Þ|Ú|Ù‡ç�Þ|Ð�ß”àNã�ê…Ú¤ÒnÏ|Ð‚Ü�×“Ñ£ÐmÔNá�ÞdÑ£Þ�×pß“Ü�ÔNÕzÐ	Ü�Þ|ÕzÑnÙ”ØNÐ

è�Ð1âdÚdÙËÒzÙ—Ô“ÚdÑ.ÔpáŸÑ£ÒnÕzÐ	×pÖjÑ	æ!ÙËÒ¬Ù”Ñ.ÚdÔpÒ�ÑnÔdã!ê¼Ò�Ù‡Ñ.Ð	×“Ñ£à\ÒnÔ\ÑnÐ�ÐjÏ|Ô�Û‚Ð�Ø“Ð�ÕuÒnÏd×pÒ.ÒnÏ|Ù‡Ñ.Ù‡Ñ.Ú|ÔNÒ�×

á{Þ|Údè|×NÖ‹Ð	Ú�Òz×pßŸÕzÐ	Ñ£ÒnÕzÙ‡Ü_ÒnÙ”ÔNÚë×NÑ	æ‰Ù—á.×ªì£ÖaÔNÕzÐ„åNÐ	Ú|Ð�Õ,×pßËí„î�Ù—Ú�è;ÔNá²ÒnÕ,×pÚ�Ñ�âdÚdÙËÒzÐªÑnÐ	ç�Þ|Ð	ÚdÜ1ÐªÙ”Ñ

è�Ð	ÑnÙ—ÕzÐ	èvæ!ÔNÚ|ÐjÜ�×NÚ\ÒzÙ—ÐaÒzÏ|Ð�ì£×“è|è�Ù—ÒnÙ”ÔNÚd×Nß�Ù—Ú�á{Ô“ÕnÖj×pÒnÙ”ÔNÚ�í�ÒzÔNå“Ð1ÒnÏdÐ�Õ¤ÛŸÙËÒzÏ\ì�Ð	ß—Ð	Ö‹Ð	Ú�ÒzÑ�í¬Ù—Ú�ÒzÔ

Ýd×pÙ”ÕzÑŸ×NÚdèªè�Ð1âdÚdÐ¤ÒnÕ,×pÚdÑ£âdÚ|Ù—ÒnÐ.ÑnÐ	ç�Þ|Ð�Ú�Ü1Ð	Ñ¿ÔNá$ÒzÏ|Ð	ÑnÐ.Ýd×pÙ”Õ,Ñ�ã

ïxð$ñzð$ò|ð$ó²ôZð�õ

ö�÷Óø‰ù�ú…ûmü†ý…þ�ÿ��“÷†ÿ�����ý…ý,ÿ��$÷��	�:ü�
zü��
��ý��‰ü†ú�
��Ëþzý,÷�����������þ�
����“ú�þ�������þ,ý������
 N÷����!�"��#$�!%&�†ü�
_ù�'

��ü��
(�ý*)¼ö,+
+-�/.

0p÷���ù1ú1�•ûmü�2-34�_ÿ"5Ó÷Ëÿ76�þ8���†þ,ü†ý…þ8(�ÿ9�»÷���:;3�þ<�pþ8=�ù
(4��ü�
,ý>�
?@#vú��
2	ú£ù
=BA¿þ8C�þ8(&D“þ8(!
,þ�÷	E����F�G�1H>'

#$�9E��I�>�
��ü�
,þ,ý,ÿJ#vú��4
zþ,þ,D“ü�(!2�ýK�
?���3“þLE����M���1H�#$�9E��ºö8+-N
+O�@�-(!?”þzú�þ8(!
,þL�-(PC“ú��-2�ú£ù
=Q'

=.ü�(!2R�Ëù
(!2-��ù�2�þ�D“þzý…ü�2
(jù
(&D¬ü�=<C&�†þ8=.þ�(G�£ùS��ü��-(�ÿ!T�U�)WV-.�)¼ö,+
N-+-.Ÿö8XSY�0
V

XN÷��@�
��ý1���_ÿ/#Z÷��-�@�-(�ýZ�…ú��!
���ü�[•þ;A¿þzý…ü�2
(R��?|ù>\:üËþnú£ù�ú�
]3G^*��?"�Nþ�=�ù
(4��ü�
,ý��
?�ù�:�ú£ù�(�ý…ü_��ü��-(<�4^NýZ��þ8=

%4^`E�%�ýZ�…ú£ù�
����a(G��þnú�C“ú�þ��£ùS��ü��
(�÷"bc�†þ8
��…ú��-(“ü�
Q������þ,ý¿ü�(d:;3“þ8�	ú�þe��ü�
,ù
�f�@�-=<C!�!��þzúL��
,ü†þ8(!
,þ�ÿ9g

)¼ö8+-+-V-.�0-hiC!C�÷

j
÷�H‚üËù�
8�-%�ù
k8k,üJÿ-5²÷†ÿ
�aù	ýZ�…ú���þ�(�üJÿ/�£÷����>�-(!'l�4�£ù
(JD“ù�ú]D��Nþ�=�ù
(4��ü�
,ý��
?J#vú��
2	ú£ù�=m���†ü�
,ü�(&2“÷
\‚ü�2
3�þzú1'

n

ú]DNþzú>�G^�=i%7�-�†ü�
L�@�-=<C!�!�£ùS��ü��
(�ÿ"o�gd)W0
 
 -X-.>0�+/V,Y4X-X
+

hp÷LpŸþ�(&(�ù,û�ù,^�ÿS5Ó÷†ÿ-pL���
C�ÿ-�“÷
qx÷Ëÿ/���†þ,þ�C�ÿ�5²÷†ÿ
�$ú�ü†þ,ý,ÿ
6‰÷ 'a�“÷-D“þ�÷��-:�ú£ù
(“ý…ü�(“ü_��þ�5:þ,D��&
���ü��
(�ý!ü�(

n

ú1'

��3!�-2
�-(�ù��c:ƒþzú�=r5:þnû½ú�ü���ü�(!2��4^NýZ��þ8=.ý,÷J�a(!?s��ú�=�ù���ü��-(„ù�(JD`�@�-=<C!�!�£ùS��ü��
(�ÿ�o&o�t�)¼öS.�)¼ö,+-+-h-.

ö8NSY4X-N



Scenario(MSC)-BasedSpeci¯cations:a Survey

P.S. Thiagarajan

National Univ ersity of Singapore

Abstract

MessageSequenceCharts (MSCs) arean appealingvisual 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 requirements in terms of "good"
scenariosthe implementation should exhibit and "bad" scenariosit must avoid.
A good part of research on MSCs has beendriven by this use. Thus in this line
of work, the focus is on mechanisms 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 serve asan executablespeci¯cation language. Further, David
Harel and co-workershave developed a simulation enginecalled the Play-Engine
to protot ype systemdesignsbasedon LSCs. From a conceptualstandpoint, the
model called Communicating Transaction Processes(CTPs) also falls within
this framework.

We will survey research on MSCs covering both thesethemes.



Compositional Speci�cation andVeri�cation of UML Models�

Marcel Kyasy Frank S. de Boerz

September 6, 2004

1 Mo ti vati on

Today, UML 2.0 [3] is an accepted modeling lan-
guage for object -oriented software systems. It pro-
vides a range of diagrammatic notat ions for mod-
eling and specifying di�e rent aspects of a system's
structure and behavior. Quite a lot of methods and
tools are developed to enable the formal analysis
of these models. But most of these methods are
concerned with a part icular 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 compositional speci�cation lan-
guage based on OCL 2.0 [4] extended with histo-
ries (see [1]). The compatib ilit y predicate, which
asserts the compatibi lit y of speci�cation s, of [1] is
extendedto a a compositional proof rule, which al-
lows to derive global properties of the model. This
results in a trace logic for object oriented programs,
where we investigate the composition of class in-
variants.

Among the main challengesfor this speci�cation
languageis ensuring the distincti on between local
speci�cation s, which describe the behavior of the
objects, and global speci�cation s, which de� ne the
possible object str uctures. Global speci�cations are
similar to UML' s architecture diagrams. Another
challengeconcerns unbounded object creation.

As a casestudy we specify the Sieve of Eratos-
thenes in our t race logic and derive the correctness
using the PVS theorem prover [5]. The tr anslation

� Part of this work has been �na ncially supported by IST
pro ject Omega (IST- 2001-33522) and NWO/ DF G pro ject
Mob i-J (RO 1122/ 9-1, RO 1122/ 9-2)

y Instit ute for Computer Science and Applied Mathe mat -
ics, Christian -Albre chts-Universit•at zu Kiel , Germany, e-
mail: mky@inform atik.u ni-kiel. de

zCWI Am sterdam, T he Netherl ands, e-mail: frb@cwi.nl

from OCL to PVS is automated [2].

2 Trace Logic

In th is 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
classeswit h operations and state machines which
communicate by asynchronous and synchronous
signals.

A program in our set ting is given by a set of
classesC with typical element c, where each class
speci�es att ributes describing its data, and a state
machine describing its behavior. We assume that
the attr ibutes speci�ed in a class are private to the
object, i.e., no object may read or wri te to another
object's attri butes. This ensures that communica-
tion between objects is only by sending signals. Fi-
nally, each program speci�es a root class. For sake
of simplicit y, we assume that all state machinesare

at .

To achieve composit ionalit y, we equip each ob-
ject with a history variable � , which can be spec-
i� ed using a class invariant I c. Thi s invariant has
to be local, i.e., it must not refer to the state or the
history of any other object.

Given a speci�cation we derive the veri�cation
condition

^

c2 C

8zc : I c[zc=self ] ! �

where the substitution [zc=self ] transforms the lo-
cal assertion I c to a global assertion on the object
zc and � is a property of the global trace of events
we want to prove.

We are concerned with safety propert ies and as-
sume that all interaction between objects is either
by asynchronousor synchronous messages. There-

1



fore it is su�c ient to use �n ite sequences of events
as tr aces:

� send(s; r; sig;~v) states that s enqueues a signal
sig in r 's input queue.

� recv(s; r; sig;~v) denotes that r dequeues a sig-
nal sig from s from it s input queue.

� return(s; r; sig;~v; v0) states that r returns from
a synchronous signal.

If a communication is asynchronous, only send and
recv is observed. If it is synchronous, only send
and return is observed, becausesending and re-
ceiving a messagecoincides, and the return is ob-
served simultaneously by the sender and receiver.
This means, that synchronous communication uses
a rendez-vouz mechanism.

We specify the behavior of all instances of a class
by an invariant I c on it s communication history.
This logic is (essentially ) de�ned by the language1

' ::= t v t0 j t � t0 j t = t0 j : ' j ' ^ ' 0 j 9v:'

t ::= t # �v :' (v) j r :� j t i

The predicate t v t0states that t is a subsequenceof
t0, t � t0 states that t is a pre�x of t0, r :� denotes
the local history of r , where r is some reference
name, most of the time self , the term t # �v :' (v)
designatesthe projection onto ' , i.e., largest subse-
quence of t for which ' holds on each position, and
t i refersto the i th event in t. A local class invariant
is a predicate on the object 's t race such that self
is either sender or receiver in each event.

We do not need to observe the creation of a new
object, because the � rst communication wit h an
object in the global tr ace establishes its creation.2

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 identit y to another
object spontaneously. After thi s, each object
needsto have received the messagefrom an-
other one.

� There are no cycles in the creation order.

1We omitted the sub-language for integer ari thm etic.
2Th is only holds if we can create an unlim ited number of

objects.

� Reading from an event queueis done in a � rst-
in � rst-out order.

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

3 Tool Supp ort

Wehave implemented a protot ypetool which trans-
lates the extended OCL speci�cation s (a syntax for
the trace logic) into the PVS language. We have
speci�ed an object-oriented version of the Sieve of
Eratosthenesusing our tr ace logic and proved its
correctness in PVS. The speci�cation is quite con-
cise and captur es the essence of the systems behav-
ior. To our mind this is an important property of
a speci� cation language.

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

Ragnhild Kobro Runde
Department of Informatics, University of Oslo, Norway

Abstract

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

In tro duction

STAIRS [HS03] is an approach to the compositional development of UML in-
teractions, such as sequencediagrams and interaction overview diagrams. The
processof developing the interactions is viewed asa processof learning through
describing. From a fuzzy, rough sketch, the aim is to reach a preciseand detailed
description applicable for formal handling.

An essential feature in STAIRS is the abilit y to distinguish betweenmandatory
and potential behaviour. By potential behaviour, we mean that a speci�cation
may give several alternativ e behaviours serving the sameoverall purpose,and
that ful�lling only some of them is acceptable for an implementation to be
correct. On the other hand, mandatory behaviours are alternativ es that must
all be present in a valid implementation.

xalt

ref Withdrawal alt

currency

ref CurrencyEUR ref CurrencyUSD

ref CashRefill

sd ATM

Figure 1: Mandatory (xalt) and potential (alt) alternativ es



As an example,considerthe interaction overview diagram in �gure 1, specifying
the behaviour of an ATM (Automatic Teller Machine). An ATM o�ers the
customerwithdra wal of moneyor the purchaseof a number of foreign currencies
(in addition to having cash re�ll). The alt-operator is used to specify that for
an implementation of the ATM it is optional to o�er either eurosor US dollars,
or both. We also want to specify that any ATM must o�er both withdra wal of
native money and at least one foreign currency. Thesemandatory alternativ es
are expressedusing the novel operator xalt, intro duced in [HS03].

Semantics of in teractions

To explain the meaning of interactions, STAIRS uses denotational trace se-
mantics. A trace is a sequenceof input/output events, representing 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 central notion in STAIRS is that of an interaction obligation, usedto capture
mandatory behaviour. An interaction obligation is a pair (p;n) of setsof traces
where the �rst set is interpreted as the set of positive traces and the secondset
is the set of negative traces.

An interaction is given its semantics asa setof interaction obligations. Any valid
implementation of the interaction must contain at least one positive trace from
each of the interaction obligations. Di�eren t interaction obligations arespeci�ed
syntactically by using the novel operator xalt, where each operand givesrise to
one obligation. The positive traces within one obligation are alternativ es that
may be present 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 semantics of interactions is de�ned by a function that for any
interaction d yields a set [[ d ]] of interaction obligations. For instance, we have

[[ d1 alt d2 ]] def= f (p1 [ p2; n1 [ n2) j (p1; n1) 2 [[ d1 ]] ^ (p2; n2) 2 [[ d2 ]]g

[[ d1 xalt d2 ]] def= [[ d1 ]] [ [[ d2 ]]

For more details, see[HHRS04].

Re�nemen t of in teractions

An important part of STAIRS is to explain the classicalnotion of re�nement in
the setting of interactions. This is done by distinguishing between three main
kinds of system development steps: supplementing, narrowing, and detailing.
Supplementing categorizesinconclusive behaviour aseither positive or negative,
while narrowing reduces the set of positive behaviours. Detailing means to
intro ducemore detailed descriptions,while maintaining the essential behaviour.



Formally, we have that an interaction obligation (p2; n2) is a re�nement of an
interaction obligation (p1; n1), written (p1; n1)  r (p2; n2), i� n1 � n2 ^
p1 � p2 [ n2. An interaction d0 is a re�nement of an interaction d i� 8o 2 [[ d ]] :
9o0 2 [[ d0 ]] : o  r o0.

Supplementing and narrowing are special casesof the generalnotion of re�ne-
ment. An interaction obligation (p2; n2) supplements an interaction obligation
(p1; n1) i� (n1 � n2 ^ p1 � p2) _ (n1 � n2 ^ p1 � p2). An interaction obligation
(p2; n2) narrowsan interaction obligation (p1; n1) i� p2 � p1 ^ n2 = n1[ (p1np2).
Detailing corresponds to interface re�nement as de�ned in e.g. Focus [BS01].

In [HHRS04] we prove that re�nement asde�ned above is transitiv e and mono-
tonic with respect to the most common interaction operators. Transitivit y is
important, as it ensuresthat successive re�nement steps results in a valid re-
�nement of the original speci�cation. In the sameway, monotonicity allows for
the di�eren t parts of an interaction to be re�ned independently .

Re�nemen t calculus

The semantic details as presented in [HHRS04] 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 approach to dealing
with re�nement of interactions. We are currently working on constructing a
re�nement calculus for 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 assist in developing useful re�nements, not only
valid ones. (For instance, it is very easyto re�ne a consistent speci�cation
into an inconsistent 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, schedulabilit y
analysis, and code generation for timed systems. The plug-in takes as
input an UML model consisting of an assembly 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 deadlines or not. We describe how this has beendone
in a case study where an SPT annotated UML model of an adaptiv e
cruise controller is studied.

1 UML with SPT Annotations

We usea subsetof UML with SPT annotations (the UML pro�le for Scheduling,
Performanceand Time [11]) as an input languagefor our tool. The models that
can be analysed are hierarchical static structure diagrams containing objects
representing components or assemblies of components. The behaviour of each
component is described by an associated statechart, each executing in its own
thread of control. Figure 1 shows an example which can be analysed with the
tool presented in this paper. Component A is composed of subcomponents B
and C whosecorresponding statecharts are shown to the right of the structure
diagram.

The operations of components represent tasks being scheduledfor execution.
We apply the SPT stereotype SAAction for operations to annotate them with
parameterssuch as priorit y, computation time, deadline, etc. Parametersof the
operation foo of C areshown in Figure 1. Operationsare triggered by statecharts,
and operations triggered by the samestatechart are executedsynchronously.

Components can have ports that can be connected with directed links al-
lowing for interaction betweenthem. There are two typesof ports, namely 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



h

B

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

trigger[IS_PORT(f) && get_d()->get() != 0]/
get_g()->GEN(trigger);

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

trigger[IS_PORT(f) && get_d()->get() != 0]/
get_g()->GEN(trigger);

C

tm(20)/
get_i()->GEN(trigger);

trigger[IS_PORT(g)]/
foo();

tm(20)/
get_i()->GEN(trigger);

trigger[IS_PORT(g)]/

void foo() {
    m = get_e()->get();
    m = (m < 0 ? 0 : m);
    get_h()->set(m);
}

SAPriority = 1
SARelDeadline = 40
SAWorstCase = 25

A
1

B
1

C
1

d

DataPort

g TriggerPort

f TriggerPort

g TriggerPort

e

DataPort i

TriggerPort

h

DataPort

f TriggerPort

i TriggerPort

e

DataPort

d

DataPort

DataPort

+  foo() : void

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
observable by receiversuntil overwritten by the sender.Trigger ports are de�ned
using TriggerPort interface. Untyped events can be sent over the link using the
GEN method. Events are stored in a bu�er of a prede�ned sizeuntil consumed
by the receiver.

Every component can be associated with a statechart. Transitions of stat-
echarts are enabled by triggers and/or guards; the associated 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 component
C the left transition has timeout trigger tm(20) , and the right transition has
event trigger[IS PORT(g)]. The timeout expires20ms 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 models with 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



C
tm<=20

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

TASK_foo
foo

REF_foo == 0
go?
tm:=0

tm==20
port_i:=port_i+1,
tm:=0

B

port_f>0, port_d!=0
go?
port_f:=port_f-1,
port_g:=port_g+1

port_f>0, port_d==0
go?
port_f:=port_f-1

Task name   Priority  Com pu t atio n
      T ime

Dea dl ine

foo 1 25 40

I n t er f ace

m:=p ort_e,
m:=(m< 0?0:m),
port_h:=m,
REF_foo := 0

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

data for asynchronous communication betweenautomata. Operations with the
stereotype SAAction becometasks whosecomputation time, deadline and pri-
orit y are given according to the SPT annotations SAWorstCase, SARelDeadline,
and SAPriority, respectively.

The ports are represented assharedinteger variables that are aliasedaccord-
ing to how the links connect them. A variable connecting data ports represent
the data item currently residing in the one place bu�er. For trigger ports the
variable is used to count the number of events queuedat the port. The get op-
eration on a data port correspondsto accessingthe current value of the variable
associated with that port, while the set operation corresponds to updating the
variable with a new value. The GEN operation on a trigger port corresponds
to increasing the event counter variable, the counter is then decreasedwhen a
transition is �red due to an event received at this port.

A transition in a statechart is translated into edgesin an automaton, with
intermediate locations when needed. An event trigger becomesa guard that
is true for non-zero queue lengths of the triggered port. A timeout tm(T) in a
statechart i is converted to a guard tm i = T, an invariant tm i � T on the source
location, and a reset operation on the clock tm i for each transition reaching
the source location. A call to an SAAction operation becomesan intermediate
location where the corresponding task is releasedfor asynchronous execution,
the automaton will remain in this location until the task completes.

3 Tool Overview

The tool is a plug-in for analysis of Rhapsody [9] UML models with SPT anno-
tations [11] using the Times [2] tool. The plug-in can be addedto the Rhapsody
Tool menu, and usesthe Rhapsody 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 design and analysis tool for real-time embedded systems,based
on timed automata [1] extendedwith tasks [6]. Tasksare temporal abstractions
of executable programs represented as their execution time, deadline, priorit y,
etc. Releasesof task instancesare triggered by timed automata for asynchronous
execution according to a given scheduling strategy. The Times tool is developed
for automated schedulabilit y analysis of the extendedmodels.

4 Case Study

The tools described in this paper havebeenapplied to analysean adaptive cruise
controller (ACC) model. An ACC is an extensionof an ordinary cruisecontroller,
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
component, to detect the speedand distance of any vehicle in front.

The ACC model is de�ned within SaveCCM [8], a component model devel-
oped as a part of the SAVE project. The purposeof the project is to develop a
component technology for safety-critical vehicle systems.The conceptsof data
ports and trigger ports in our modelling language comes from SaveCCM. In
SaveCCM there are three types of entities, separatedusing stereotypes: Save-
COMP is used to denote components, Assemblydenotescomponent assemblies,
and Switch denotes a special construct for switching triggering events. State-
charts model the triggering of components 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 assembly of our model is shown in Figure 3. The calculationsof each
component is modelled by an operation execute, with SPT parametersaccording
to Table 1. The ACC is assembled from three components and a sub-assembly.
The component ModeLogicscalculatesthe current operating mode of the ACC.
ObjectRecognitionappliesan algorithm to radar input, in order to determine the
velocity and distanceof any vehicle in front. HMI outputs determinesthe output
to be sent to the driver panel. AccControllersis an assembly consisting of two
PID controller components and a switch. The switch determineswhat controllers
are active depending on the current operating mode of the ACC. In standard
cruisecontroller mode only the SpeedControlleris active, but in ACC mode both
the SpeedControllerand DistanceControllerare active and coupled in a cascaded
control loop.

When the model is exported from Rhapsody into Times, the resulting Times
model is schedulable. The responsetimes reported by Times are presented in
Table 1. The schedulabilit y analysis was performed in lessthen one secondand
consumes3.3 Mb of memory, using an Intelâ Celeronâ 1.7GHz computer.
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Fig. 3. The ACC subsystem assembly

Component Name SAWorstCaseSARelDeadlineSAPriority Worst Case
ResponseTime

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 components.

5 Conclusions

In this ongoing work we demonstrate how UML with the SPT pro�le can be
usedto model schedulabilit y problems in a way that is analyzableby the Times
tool. Somework remains to 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 Rhapsody models.
Tri-Paci�c has a tool [10] for schedulabilit y analysis of periodic task sets ex-
tracted from Rhapsody 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 Con trolled Linear Programming Problem

Henrik Bj•orklund, Olle Nilsson, Ola Svensson,SergeiVorobyov

Information Technology Department Uppsala Univ ersity

1 In tro duction

We intro duce and investigate the new Contr olled Linear Pr ogramming
Pr oblem (CLPP) [1]. In a system of linear constraints of the form x i �
pi ( �x) + wi , wherepi are linear homogeneouspolynomials with nonnegative coef-
�cien ts, somevariables are controlled and the controller wants to selectexactly
one constraint for each controlled variable in a way that makes max

P
x i as

large as possible(over all selections).Intuitiv ely, the CLPP mixes the notion of
linear programming with that of gametheory.

We investigate several di�eren t versions of the problem by varying the re-
strictions on the polynomials in the constraints. For these instances we then
prove optimalit y conditions which allow for designing subexponential iterativ e
improvement 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 gameslike parit y, meanpayo�, discounted payo�, and simple stochastic
games are easily reducible to restricted versions of the CLPP . This gives a
unifying view and easily explainable subexponential algorithms for such games.

2 De�nitions

Let x = (x1; : : : ; xn ), y = (y1; : : : ; ym ) be two vectors of variables, called
controlled and uncontrolled, respectively. Let pj

i (y ) and ql
k (x) be homogeneous

linear polynomials with non-negative real coe�cien ts, and wj
i ; w

0l
k 2 R, for

i 2 f 1; : : : ; ng, j 2 f 1; : : : ; n i g, k 2 f 1; : : : ; mg, l 2 f 1; : : : ; mk g. A linear con-
straint is called:

{ optional if it has form x i � pj
i (y ) + wj

i , and
{ compulsory if it has form yk � ql

k (x) + w
0l
k .

De�nition 1 (Con trolled LP-Problem). Given the data as above, �nd a
tuple, called a pure strategy, (j 1; : : : ; j n ) 2

Q n
j =1 f 1; : : : ; n j g that rendersmaxi-

mal (over all possiblesuch tuples) the value of the objective function
P n

i =1 x i +P m
i =1 yi subject to the systemof constraints S(j 1; : : : ; j n ) consisting of all com-

pulsory and the optional constraints x i � pj i
i (y ) + wj i

i for i = 1; : : : ; n. ut

For a given pure strategy, denotean optimal solution of the resulting system
S(j 1; : : : ; j n ) by (x � ; y � ).

Say that a switch for xk from j k -th to j 0
k -th constraint is attractive, if

pj k
k (y � ) + wj k

k < pj 0
k

k (y � ) + wj 0
k

k : (1)



Say that a sequenceof switchesfrom (j 1; : : : ; j n ) to (j 0
1; : : : ; j 0

n ) is pro�table,
if each variable in the optimal solution of the new linear program has at least
the same value, and one has a value strictly greater, as the original value. A
strategy � is admissible if S(� ) is feasible.The following theorem underlies the
monotonic improvement of several iterativ e switching algorithms in Section 4.

Theorem 1. Every sequence of attractive switchesis pro�table and transforms
an admissiblestrategy into an admissibleone. ut

Say that an admissiblestrategy is stable if 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. ut

The above de�nitions and theorems have all been relative to pure strate-
gies. We show, however, that the results are also valid for mixed strategies. A
mixed strategy is de�ned for every controlled vertex x i as a nonnegative vec-
tor �� i = (� 1

i ; : : : ; � n i
i ) with the l1-norm equal to 1, i.e.,

P n i
j =1 � j

i = 1. Com-
bine all the constraints for each controlled variable x i into a weighted sum x i �P n i

j =1 � j
i (pj

i (y � ) + wj
i ), and denotethe resulting systemby S(� ) = S(�� 1; : : : ; �� n ).

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
stablestrategy. ut

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

3 Stabilit y and Optimalit y

It follows that whenever a stable strategy is also optimal, the decisionproblem
is in NP \ coNP . For NP , just guessa strategy of the controller 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
con�rm that the resulting systemhas an optimal value smaller than the bound.

We show that for several interesting restricted versions of the CLPP this
property does indeed hold; see,e.g., [2]. Therefore, iterativ e improvement algo-
rithms that start with an initial admissible strategy and repeatedly make at-
tractiv e switches,will eventually �nd the global optimum. For the generalcase,
however, we present several 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 doeshold:

{ Univ aria te Discounted Case, which is de�ned like the generalcasebut
with the further requirements that the right hand sides of the constraints
are on the form: w + � � y, for 0 < � < 1 �xed, w 2 R and y a variable.

{ Mul tiv aria te Discounted case, where the right hand sidesof the con-
straints have form:

P
i ai � vi + wi , for vi a variable, wi 2 R and ai 's positive

constants that ful�ll
P

i ai < 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 can be intro duced.



4 Algorithms

SwitchingAlgorithms. Whenever stabilit y 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.

Subexponential Algorithms. Given an instance S of CLPP, a subproblem F 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 controller in S. This establishesthe \constrain ts $ facets"
relation. Associating optional constraints with facets in the spaceof controller's
pure strategiesprovidesthe intuitions necessaryfor applying di�eren t approaches
from combinatorial linear programming to the CLPP. In particular, we adapted
(seeAlgorithm 1) the randomization schemedue to Matou�sek,Sharir, and Welzl
(MSW) (more intuitiv e and easierto explain for than Kalai's randomization [1]).
The function opt S(� ) works asthe target function beingoptimized. The Switch
function takes a 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, � 0)
(1) if every controlled variable has only one optional con-

straint in S
(2) return � 0

(3) choosea random optional constraint x � e not selected
by � 0

(4) � �  CLPP-MSW (S n f x � eg; � 0)
(5) � 1  Switch (� � ; x � e)
(6) if opt S(� 1) > opt S(� � )
(7) S0  S n f x � e0 : e0 6= eg
(8) return CLPP-MSW (S0; � 1)
(9) else return � �

The number of iterations of this algorithm is 2O(
p

n log( m=
p

n )+log m ) , wheren
is the number of controlled variablesand m is the number of optional constraints
(similar to Kalai's). If m is polynomial in n, the bound is 2O(

p
n log n ) [1].
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Coin Games– Abstract

Rafa� Somla
Uppsala University
rsomla@it.uu.se

Parity games– a two-player graph gameswith parity winning conditions – provide an elegant framework
for veri�cation of regular properties of reactive systems. Quite naturally , an accepting run of an alternating
treeautomaton canbe viewed asa winning strategy in a parity 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 proposegameswith 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 fees for entering
certain positions in the game. One of the players has a collection of coins which are used to pay these fees.
His goal is to spend as few coins as possible or, equivalently , to play as long 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 aresimple and aredetermined 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 secondplayer wants to reacha con�guration where the �rst
player is blocked. A possibility of reducing parity winning conditions to safety oneswas also reported in [2].
However , this is done at the expenseof adding exponentially many new positions in the game, while our
approachdoes not changethe set of game positions.

In a coin game one can evaluate eachposition by �ning the minimal collection of coins which enablesthe
�rst player to win a gamestarting from that position. Having such evaluation, a winning strategy for the �rst
player is to always choosea successorwith minimal optimal cost. This resemblesvery much the way optimal
strategies can be found in payoff-based games like games with �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 propose to 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-basedgame by so-called value iteration.
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A simulator approac h to data race detection
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Abstract

Correct parallel programming is intrinsically di�cult. A data race occurs when two or more
concurrently executing processesaccessthe same shared-memory location in an unsynchro-
nized way, and at least oneof the processesmodi�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 enough to 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 probes may alter the timing and change
the set of execution schedules lik ely 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 Bosschere, 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, hence the 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 protot ype data race
detector have been developed 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 separateCPU inside the simulator
and each 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 segment. The synchronization limits the possible
interleavings of segments and this is recorded by giving each segment a vector time stamp.
All memory locations read and written by a segment is kept in a load set and a store set. Two
segments can execute in parallel only if their vector timestamps are unordered. By examining
the load and store sets of all parallel segments, 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
process information 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
y bjorn.victor@it.uu.se



Encoding the Applied� -calculus
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A bst ract

In the � -calculus [SW01, Mil99] the only kind of messagesthat can be com-
municated are atomic namesand this simplicity is appealing from a theoretical
point of view. But for many purposesone often � nds it necessary or convenient
to be able to represent , for instance, data typessuch as pairs or even functions
and object-like structures. In order to be able to directly represent such data
types a plethora of extensions of the � -calculus has emerged. Theseare often
aimed at capturing commonfeaturesand propert iesof programming languages.

App� [AF01], proposed by Abadi and Fournet, is a generalization of the � -
calculus which aims at capturing several of theseextensions. More speci� cally,
messagesare allowed to be terms de� ned through a signature. Along with the
signature a set of equations is de� ned, henceobtaining a presentation. The syn-
tax and semant icsof App� is parameterizedby this presentation. Thus allowing
for the development of a theory for which is valid for all calculi obtained by spec-
ifying a concrete presentation. Consider how pairs can be represented 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 contribut ion of our work is an encoding of App� in the � -calculus.
Such an encoding is appealing for several reasone. For instance automated ana-
lysis of App� -processescould be performed by � rst encoding a processand then
use one of the many automated tools that exist for the � -calculus. e.g. the
Mobility Workbench [VM 94] developed by Vi ctor and Moller.

The samearguments apply for the substant ial amount of theoretical tools that
have beendeveloped for the � -calculus. It should be possible to ut ilisesomeof
thesetheoretical results in order to obtain a better understanding of App� . In
fact, due to the generality of App� this arguments apply to any calculi express-
ible in App� .

� Full report is available online at http://www.cs.aau.dk/~ bh/files/dat6project.ps.gz
yAalborg University, Departmen t of Computer Science Fredrik Ba jers Vej 7E, DK-9220

Aalborg �st
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Al though the � -calculus is well-known to be Turing-complete, the existence of
such an encoding is not immediate, and indeedthe encoding is non-t rivial. The
main di�cu lty lies in the encoding of the above ment ionede equational theory
which underlies the syntax and semant ics of App� . Our encoding is inspired by
a recent proposal for an encoding of the spi-calculus in the � -calculus [BPV03],
but di�er s considerably in the way that terms are encoded. We rely on well-
known results for t ransforming an equational theory into a terminating and
con
 uent rewrite system. In fact this t ransformation can be done by using the
Knuth-Bendix procedure [KB70]. Moreover the encoding requires the rules of
the rewrite system to be left linear.

The general idea is that all terms are forced to reduce to their irreducible form
before they canbeaccessedby the remaining partsof thesystem.This isdoneby
init ially encoding the terms in paralell with the encoding of the rewrite system
which reducesthe termsunt il 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 system is terminating and con
 uent checking for equality then becomes
a matter of checking for syntactic ident ity. The encoding alsoimposesa bottom-
up evaluation st rategy of terms. The choice of evaluation strategy is inessent ial
for con
 uent rewrite systems.

As is often the casefor this type of encodings, the representation of an encoded
processwill in general have to do a number of t ransit ions in order to match
a single t ransit ion of the original process.Therefore care needs to be taken
when relating operational steps of an encoded processwith that of the original
process.In part icular the encoding of an App� -term M requires a number of
t ransit ions where M itself can be rewrit ten in a single step. We have established
that various subparts of the encoding are correct. This has been done to the
extent that we have been able to prove operational soundnessfor rewrit ing of
terms. I.e. if a term M is rewrit ten to its irreducible form N , then the encoding
of M reducesto the encoding of N . A crusial property which is necessary is that
the encoding of a term M is equivalent to the encoding of the irreducible form of
N . We have made somemodi� cations to encoding we � rst cameup with, which
we believe are su�ci ent in order to obtain such a result . Assuming this result
holds we have proved soundesswith respect to barbed equivalence.
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AxiomsandAlgorithmsfor TrueConcurrency
Equivalences

Michael Kanellos,Mila Majster-Cederbaum

August 26, 2004

Topic

Event Structures and True Concurrency Equiv alences

Whenever a speci�cation should distinguish betweenparallel and sequential ex-
ecution of actions, the semantics of the speci�cation languagethat is used for
the speci�cation has to take this distinction into account. For processalgebras,
semantics that support this distinction are called true concurrency semantics.
A crucial part of the semantics is to de�ne when two speci�cations are equiva-
lent. Therefore, a true concurrencysemantics needsto be equipped with a true
concurrency equivalence notion that distinguishes speci�cations also by their
degreeof parallelism. An important true concurrencysemantics for processal-
gebrasare event structures. In [GLGo], [Fe] and [GW] we �nd the de�nitions of
many true concurrencyequivalencesfor event structures (and therefore for pro-
cessalgebra terms via the semantical meaning function). Furthermore, in these
papers it has been shown that there are three true concurrency equivalences
that are particularly well-suited becausethey are preserved under all relevant
operators and under action re�nement: pomset trace equivalence, causal testing
equivalence and history preserving bisimulation equivalence. As the namesal-
ready suggest,pomset trace equivalenceis a trace-style linear-time equivalence,
causaltesting equivalenceis a testing equivalenceand history preservingbisim-
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 concurrencyequivalencessee[Fe] and [GW].

Axiomatizing True Concurrency Equiv alences

Two properties of equivalencesfor processesare in particular interesting.
The �rst is if there is a �nite axiomatization that characterizesthe equivalence.
If so, this can be usedin theorem proving.
The other is if the equivalencecan be characterized by somesuitable logic, i.
e. P is eqivalent to Q i� they satisfy the sameset of formulas. We are dealing
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with the �rst property.
For someinterleaving equivalencescompleteaxiomatizations weregiven. Seefor
example [HM] or [Gl1]. These describe equivalencesalgebraically and yield a
set of transformation rules that allow transforming processde�nitions into each
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 expressive than this processalgebra,we �rst de�ne syntactically
the set of event structures and mappingsbetweenevent structures that occur as
semantics of theseprocessalgebra terms. This set of event structures is called
the set of relevant event structures.
We give a complete axiomatization for pomset trace equivalencefor �nite rele-
vant event structures.
We also give a set of axioms for history preserving equivalence, weak history
preservingbisimulation equivalence (for the de�nition see[GLGo], [Fe]), causal
testing equivalenceand weak causal testing equivalence (for the de�nition see
[GW]).
We currently investigate the completenessof thesesetsof axioms (this is work
in progress)for �nite relevant event structures.
We are looking for completeaxiomatizations for the generalcase,which contains
the relevant in�nite event structures (this is work in progress).

Algorithmic Treatmen t of Finite Relev ant Event Structures

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

Algorithmic Treatmen t of In�nite Relev ant Event Struc-
tures

Processalgebra terms that contain at least one recursion operator always yield
relevant in�nite event structures as meaning. Therefore the question for check-
ing the equivalenceof relevant in�nite event structures arises. We give a semi-
decision criterion for the equivalenceof relevant in�nite event 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 makesuseof the facts that in our setting causal testing equivalence
is preserved under action re�nement and that pomset trace equivalenceand his-
tory preservingbisimulation equivalenceare congruencesfor action re�nement.
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1 Intr oduction

The combinationof the two well known formal spec-
i�cation techniquesCSP[Hoa78, Hoa85] for speci�-
cation of behavioural aspectsof systemsand Object-
Z (OZ) [Smi00, Spi92, WD96] for speci�cationof data
aspectsof systemsinto thespeci�cationlanguageCSP-
OZ [Fis97] hasalreadybeensubjectof intenseresearch
andis currentlyfurtherextendedby anintegrationwith
DurationCalculus(DC) [HHF+ 94, HZ97, ZHR91] for
speci�cationof realtimeaspectsof systems.This leads
to the formalismof CSP-OZ-DC[HO02] which gives
rich possibilitiesto specifyany aspectof complex sys-
temswith a suitableformalism in an overall coherent
way.

An importantchallenge,especially, when trying to
automaticallyor semi-automaticallyanalysesuchsys-
tem speci�cationsis their inherentcomplexity which
quickly goesbeyondthescopeof currentanalysistech-
niquessuchasmodelchecking– in spiteof theamaz-
ing progressthathasrecentlybeendonein this research
area.

In order to tackle this problemon a different level
we proposethe applicationof a techniquethat is al-
ready very long and well known in the areaof pro-
gramanalysis,namelyapplyingakind of 'programslic-
ing' [Wei81, Tip95, HDZ00] to CSP-OZ-DCspeci�ca-
tions. The basic idea is to reducea given speci�ca-
tion by eliminating someof its componentsin sucha
way thatits semanticsremainsunchangedw.r.t. agiven
propertyunderconsideration(theslicingcriterion).

Thisreductionis basedonaprecedinganalysisof the
speci�cationthatis verysimilar to well known program
analysistechniques[ASU97, Muc00, NNH99]. More
speci�cally, it includesthe constructionof a speci�ca-
tion dependencegraph which comprises– similar to

� Thiswork waspartly supportedby theGermanResearchCoun-
cil (DFG) aspartof theTransregional Collaborative ResearchCen-
ter “Automatic Veri®cationand Analysis of Complex Systems”
(SFB/TR14 AVACS).See www.avacs.org for more informa-
tion.

a programdependencegraph [HRB90] – all relevant
kinds of dependencesthat arepresentin the speci�ca-
tion suchascontrolor datadependencesbetweenspec-
i�cation elements.

Our current work is a �rst step towards the goal
of slicing CSP-OZ-DCspeci�cationswhich is yet re-
stricted to an application to its untimed predecessor
CSP-OZand accordinglyuntimedpropertiesthat are
expressedin anuntimedDC variantcalledState/Event
DurationCalculus.Fromthis startingpoint we develop
aslicingalgorithmthatweshow to becorrectin theini-
tially claimedsense,i.e. from thegivenproperty'spoint
of view theresultingreducedspeci�cationexhibits the
samebehaviour astheoriginal speci�cationdoes.

2 Specifyingwith CSP-OZ

AirCondition

chan work : [w? : B] ; [: : :]

main = mode! Work

Work = mode! Work

2 re�ll ! Work

2
�

temp! SKIP
kj consume! SKIP

�
;

level ! work ! Work

mode: M ;

[: : :]

Init

: power

com work

�( power)

w? : B

work0 = (w? ^ fuel > 5)

[: : :]

C
S

P
part

z
}|

{
O

Z
part

z
}|

{

Figure1: Air condition CSP-OZ
speci®cationfragment

We will intro-
duce CSP-OZ by
specifying an air
condition system
asan example. The
system consists of
several components
whichcommunicate
with eachother. In
the example spec-
i�cation we will
focus on the actual
air condition com-
ponent.A fragment
of its CSP-OZspec-
i�cation is depicted
in �gure 1.

The CSP part of
thespeci�cationde-
�nes the air con-
dition's behaviour.
This is doneby introducinga setof channelsthat de-
�ne the air condition's meansof communicatingwith

1



its surroundingcomponents.How this communication
looks like is de�ned in severalCSPprocessesthat rep-
resentdifferentcommunicationsthe controllercanen-
gagein. Thesemay be communicationstogetherwith
or independentof thesurroundingcomponents.

The system's state space, its initial con�guration
and operationson the statespaceare then de�ned in
thespeci�cation's Object-Zpartby socalledschemas.
Eachschemaconsistsof two parts:Theupperpartmay
containa list of variablesthat arede�ned in the lower
partanda list of channelsthatareusedin thelowerpart
for incomingor outgoingcommunications.The lower
partcancontainpreconditionswhich determinewether
theassociatedoperationis enabledor notandit cancon-
tainequationsthatdescribetheeffectthattheassociated
operationhason thestatespace.Schemascanbecon-
nectedto communicationsin theCSPpartbut they can
alsobeindependentfrom CSPcommunications,i.e. the
associatedoperationsarethenpossibleat any time.

3 Constructing the Speci�cation
DependenceGraph

Following the usual approachesin program slic-
ing [HRB90], anecessarypreconditionis to analysethe
given speci�cationw.r.t. dependencesthat it contains.
The underlyingidea is to be afterwardsable to back-
track any speci�cation elementthat might directly or
indirectly be relevant for componentsof the property
whichservesastheslicingcriterion.

Control Flow Graph The �rst step in constructing
the speci�cationdependencegraphis 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 graphrepresentsingle
communications,CSPoperatorsor processcalls while
edgesof the control �o w graphrepresentthe possible
control�o w betweenthenodesthey connect.

Control Dependences Basedon theanalysisof con-
trol dependencesbetweenseparatespeci�cation ele-
ments,groupsof control �o w graphnodesare accu-
mulatedinto basicblocks, i.e. groupsof nodeswhich
arenot control dependenton eachother. Accordingly,
control �o w graphedgesinside suchbasicblocksare
removed at this point andedgesbetweenbasicblocks
arenow regardedasrepresentingcontrol dependences
in thesensethattheoriginatingnodecontrolsthetarget
node.

Data Dependences The last stepin constructingthe
speci�cation dependencegraph consistsin analysing

thespeci�cationw.r.t. datadependencesbetweencon-
trol �o w graphnodes,i.e. dependencesdueto thede�-
nition of a variablein onenodeandthesubsequentref-
erenceof thesamevariablein adifferentnode.Two ba-
sic kindsof datadependencesareconsidered:First,di-
rectdatadependencewhich occursbetweentwo nodes
thataredirectly connectedby a pathin thecontrol�o w
graphfrom the �rst to the secondnodewithout an in-
termediatenodewith an intervening de�nition. Sec-
ond, interferencedatadependenceis consideredwhich
occursbetweentwo nodesthat arelocatedin different
branchesof a parallelinterleaving CSPoperator. Data
dependenceedgescan connectdifferent nodesinside
thesamebasicblocksaswell asnodesthatarelocated
in differentbasicblocks.

Speci�cation DependenceGraph The speci�cation
dependencegraph�nally comprisesall nodesthatwere
introducedduring the control �o w graphconstruction
andall edgesdeterminedduringthecontroldependence
analysisandthedatadependenceanalysis.

4 Slicing

Whenthepreviously describedpreparationshave been
performed,theactualslicingof thespeci�cationis eas-
ily done: Initially, a setof marked nodesin the speci-
�cation dependencegraphis determinedby analysing
which nodehas direct in�uence on the property that
constitutesthe slicing criterion. Direct in�uence is
presentif a node'sassociatedschemanameappearsdi-
rectly in thepropertyor if a node's associatedschema
containsa de�nition of a variablewhich appearsin the
property.

After this initialisation, the set of marked nodesis
repeatedlyaugmentedwith yet unmarked nodesthat
are the origin of edgeswhich lead to alreadymarked
nodes.This backtrackingis performeduntil a �xpoint
is reachedandthe setof marked nodescannot be in-
creasedany more by applicationof this rule. At this
point only somefurther nodesare addedto the setof
marked nodes.Thesefurther nodeshave certaintypes
and are located in the samebasic block as already
markednodes.They aresocalledstructurenodeswhich
areneededto maintainthewellformednessof thespec-
i�cation slice.

This sliceis �nally derivedfrom theoriginal speci�-
cationbasedonthesetof markednodesin thespeci�ca-
tion dependencegraph:All speci�cationelementsthat
correspondto unmarked nodescansafelybe removed
from thespeci�cation.A laststepconsistsin removing
all variablesfrom thespeci�cation'sstatespacethatare
notusedinsideany schemaany more.

In orderto formalisethisslicingalgorithm,asit is in-
formally describedhere,we�rst de�ne aformalseman-
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tics of CSP-OZspeci�cationsbasedon a variantof la-
beledKripkestructures(LKS) [CCO+ 04]. This is done
separatelyfor thespeci�cation'sCSPandfor its OZ part
whicharethencombinedby parallelcompositionin or-
derto give thesemanticsof thefull speci�cation.

Further, we needto formalisethe propertieswhich
serve asslicing criteria. To this endwe useState/Event
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 theactualslicing corre-
spondsdirectly to the informal descriptiongiven here:
Similarto thewaythespeci�cationsliceis derivedfrom
theoriginalspeci�cationby removing certainspeci�ca-
tion elements,thespeci�cationslice'sLKS is relatedto
theoriginalspeci�cation'sLKS in thatcertainstatesand
transitionsaremissingthat correspondto the removed
speci�cationelements.

5 Slicing Corr ectness

Thepresentedslicing approachcanberegardedascor-
rect if the following holds: The original speci�cation
ful�ls a property if and only if also the speci�cation
slicew.r.t. to this propertyful�ls this property.

In the correctnessproof, which at this point is still
work in progress,we plan to apply two steps:First, a
de�nition of stutteringequivalence[Lam83] of LKSs
w.r.t. a setof atomicpropositionsandeventsis given
and it is shown that the presentedslicing algorithm
guaranteesstutteringequivalencebetweenthe original
speci�cation's LKS and the speci�cation slice's LKS
w.r.t. to a setof atomicpropositionsandeventsderived
from thepropertythatservedasa slicing criterion. In a
secondstepit is shown thatthiskind of stutteringequiv-
alencebetweentwo LKSs is equivalentto thenotionof
correctnessthatwe statedabove.

6 Conclusion

This contribution proposesthe applicationof the well
known techniqueof programslicing in a differentarea,
namelyin thespeci�cationof behavioural anddataas-
pectsof complex systemswith CSP-OZ.It is shown
whichadaptationsareneededwhentransferringtheex-
istingapproachesof programanalysisto thenew appli-
cation�eld of speci�cationanalysis.

Furthermorethe correctnessof the proposedalgo-
rithm is shown basedon a formally de�ned semantics
of the speci�cation languageandan appropriatelogic
for expressingspeci�cationproperties.

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

supportfor automaticallyperformingtheslicingof such
speci�cations.Thelatterwill de�nitely beneededwhen
dealingwith largercasestudiesthatareforeseenin the
projectAVACS[AVA04] which forms the overall con-
text of thiswork.

References
[ASU97] Alfred V. Aho, Ravi Sethi, and Jeffrey D. Ullman. Compilers:

principles,techniques,andtools. Addison-Wesley, 1997.

[AVA04] AVACS.Transregionalcollaborativeresearchcenter14avacs:Au-
tomaticveri®cationandanalysisof complex systems.2004.

[CCO+ 04] SagarChaki,EdmundM. Clarke, JoelOuaknine,NatashaShary-
gina, and Nishant Sinha. State-event-basedsoftware model-
checking. In IntegratedFormal Methods:4th InternationalCon-
ference, IFM 2004, Canterbury, UK, pages128±147.Springer,
April 2004.

[Fis97] C. Fischer. Csp-oz: A combinationof object-z and csp. In
Formal Methods for Open Object-BasedDistributed Systems
(FMOODS'97), volume 2, pages423±438.Chapman& Hall,
1997.

[HDZ00] John Hatcliff, Matthew B. Dwyer, and Hongjun Zheng. Slic-
ing softwarefor modelconstruction.Higher-Order andSymbolic
Computation, 13(4):315±353,2000.

[HHF+ 94] J. He, C.A.R.Hoare,M. FrÈanzle,M. M Èuller-Olm, E.-R.Olderog,
M. Schenke, M.R. Hansen,A.P. Ravn, andH. Rischel. Provably
correctsystems.In FormalTechniquesin Real-TimeandFault Tol-
erantSystems, volume863of LectureNotesin ComputerScience,
pages288±335.Springer, 1994.

[HO02] J. Hoenicke and E.-R. Olderog. Csp-oz-dc: A combinationof
speci®cationtechniquesfor processes,dataandtime.Nordic Jour-
nal of Computing, 9(4):301±334,2002.

[Hoa78] C.A.R. Hoare. Communicatingsequentialprocesses. CACM,
21:666±677,1978.

[Hoa85] C.A.R. Hoare. Communicatingsequentialprocesses. Prentice
Hall, 1985.

[HRB90] SusanHorwitz, ThomasReps,andDavid Binkley. Interprocedu-
ral slicing usingdependencegraphs.ACM Trans.Program.Lang.
Syst., 12(1):26±60,1990.

[HZ97] M.R. HansenandC. Zhou. Durationcalculus: Logical founda-
tions. FormalAspectsof Computing, 9:283±330,1997.

[Lam83] L. Lamport.Whatgoodis temporallogic. InformationProcessing,
83:657±668,1983.

[Muc00] StevenS. Muchnick. AdvancedCompilerDesignandImplemen-
tation. MorganKaufmann,2000.

[NNH99] HanneRiis Nielson,FlemmingNielson,andChrisHankin. Prin-
ciplesof ProgramAnalysis. Springer, 1999.

[Smi00] G. Smith. The Object-ZSpeci�cationLanguage. Kluwer Aca-
demicPublisher, 2000.

[Spi92] J.M. Spivey. TheZ Notation: A ReferenceManual. Prentice-Hall
InternationalSeriesin ComputerScience,2ndEdition,1992.

[Tip95] FrankTip. A survey of programslicing techniques.Journal of
programminglanguages, 3:121±189,1995.

[WD96] J. WoodcockandJ. Davies. UsingZ – Speci�cation,Re�nement,
andProof. Prentice-Hall,1996.

[Wei81] Mark Weiser. Programslicing. In Proceedingsof the5th interna-
tional conferenceon Software engineering, pages439±449.IEEE
Press,1981.

[ZHR91] C. Zhou,C.A.R. Hoare,andA.P. Ravn. A calculusof durations.
InformationProcessingLetters, 40(5):269±276,1991.

3



uwvyx:v3zb{i|}{i~€•‚•iv3~ƒvyxn„q…†„X{i‡0x:ˆ‰‡`Š‹•Œz•‡Ž|3v7ˆXˆ•|•…^•i|y‘:•�{’{�x

“

ˆ�…^”Sv7•�•iv

•?–#—t˜7–Y™‚š›–Yœo•?žŸ—� �œ

¡ žŸ¢¤£X–#˜ožŸ–#¥§¦y–#™‚¨?©�©?ª

«k¬g­�®�¯j°s±5®

²´³-µ�¶k·s¸�¹�º�»�¼�¼
º�³5½¾ºi¿�½ÁÀbÂ�³ŸÃ#»0¼Ä»�Ã-»�¸h³5½b³#¼Ä·?»�ºiÅ�¼
ÀÆµŒº�¹-Ç�Ç�¹-µ•Ès¼Q¿�ºhÂŒ³-¼
·�³-¸�³-½Á½Æ»�½

ºi¹-Ç�·?¹#¼QÀBÅ�ÀÁ¹#µ•ÈIµ�³-Ç›»`·�³#¼Q¼QÀÆµsÉŽ³5µ�Ê‚µs¹5Å�ÀÁ¹#µ�¼
¹5ËgÌsÀ¾¼ÄÀÆÇ�ÀÁ½¾³5¸�ÀÁÅe¶-Í7Î^¿s¸•É-¹Y³5½�À¾¼
ÅQ¹Žºi¸�»�³5ÅQ»0³

É-»�µ�»�¸�ÀÆº�½ÆÀÁÌs¸h³5¸�¶�ËÏ¹-¸
Å�Âs»�¼Q»mº�³-½Æº�¿s½ÆÀbÀÁµ:ÅQÂ�»m³5¿IÅ�¹-ÇŽ³jÅ�ÀÆº^ÅQÂ�»�¹-¸�»�ÇÐ·s¸Q¹jÃ#»�¸3Ñe¼Q³-ÌH»�½Á½Æ»-ÈsÅQ¹

Ã#»�¸�ÀBËÏ¶k»�Ò�ÅQ»�µH¼ÄÀÆ¹-µ�¼
¹-Ëo»�ÒIÀÆ¼ÄÅQÀÆµsÉŽº�³-½Æº�¿s½ÁÀ•³#¼
Óy»�½Á½•³#¼•ºi¹#Ç›·�½Á»�ÅQ»�½Æ¶Lµ�»�ÓÔ¹-µs»t¼�Í





Õ Ö•×�ØoÙ�ÚkÛ´ÜŒÝ3Ø�ÞiÚn×

ß
àsá�âQáqã-âQá�äQá�å-á�â�ã-æŸçQè�è-æ¾ä•ãŸåjã5éÆæ¾ã5êsæÆáoçQè•ë?á�âQìÏè-â�íîå-á�âQéÁïHð�ãjçQéÆè-ñ�è-ñ`ësâ�èIðiátäQäbð�ã5æ¾ðiòsæÆé5á-ó ô�õeö�÷sø

ùqújû�üiýIþ�þ

ø

û?ü�ÿ���újþ����

ø

û�ü

÷�� �	��ìÏè#â�
�
�
�ã5ñ��Mö�÷�ø��

ú���������� ÿ��Œú5þ����

ø

û?ü

÷�� ���HìÏè-â�ç�àsá��! 

ð�ã-æÆð�òsæÆò�ä�óXß
àsá�äQáqð�ã-ñ�ë?á�âQìÏè-â�íîë�âQátäÄá�çbç�ã-ä�"Iä•äQò�ðhà0ã-ä�í�è#�Iá�æ$ !ðhà�á�ð%"�éÁñ�ô3è#â•êsé¾äÄéÆí&ò�æÆã5çQéÆè-ñ# 

ðhàsátð%"YéÆñsô›è5ì�ã5ô#á�ñYç�ä�ó�ß
àsá'&Lã-âQá�ì ã#äeç†ã5ñ(�:ã-òIçQè#íŽãjçQé¾ð`ã-ä3æÆè-ñsôŽã-ä3ç�àsámã5ô#á�ñYç�ä3ç�àsá'&‚ã5â�á

)

è-â*"YéÆñsô›è-ñ:à�ãŸå-á0ãnï�ñséÁçQámäÄç�ã5çQá0äQë�ã-ð�á-ó

+VäQéÆñsô›çQàsá�è-â�á�í ësâ�èjå-á�â�ä�õ-æÆé$"#á-,eäQã-êHá�æÁæÆá.� /��!õIéÁç
é¾ä
ë?è#ä�äÄéÆêsæÆáVç�è›í�è#�Iá�æ�ã-ô-á�ñ#çhä

)

éBç�à‚éÆñIï0 

ñséÁçQá`äeçhãjç�á^äQë�ã-ð�á-ó21�è-â�á�èjå#á�âtõ5éBç
é¾ä7ë?è#ä�äÄéÆêsæÆá•çQè›ë?á�âQìÏè-â�í ësâ�è�è5ì äyè-ñ�ç�àsá�ã#ð�ç�ò�ã5æ�ð�ã-æÆð�òsæÁé

çQà�á�íŽäÄá�æÁå#á�ä�ó2,!ç†í&ò�äÄç•êHá0äÄçQâ�á�ä�äÄá	�kç�à�ãjç
çQà�á�äQá�ë�âQèjå#á�âhäyã-âQá�ñsè5ç†ã-òIçQè#í�ã5çQé¾ð435,eä�ã5ê?á�æÆæÆá

ñsá�á6�sä
ç�è�êHá87Qà�ã5ñ��‚àsá�æ9�0:›ç�èŽã�æÆã-âQô#á;�Iá�ô-â�á�á`ã5ñ��‚ç�àsá`ç

)

è�í�áiç�àsè#�sä

)

è-òsæ<�:ðiè-í�ësæÆá� 

í�á�ñYç†á�ã#ðhà‚è-çQàsá�â�ó

=

ñsá‚è5ì†ç�àsá‚íŽã-éÁñ‹ô-è#ã-æÆä&è5ì†ç�àsá:ësâQè�>eá�ðiçné¾ä&ç�è�íŽã?"#á‚ã ô-á�ñsá�â�éÆðkæÁéÆêsâhã5â*&SéÆñ@,eä�ã5ê?á�æÆæÆá

çQè�â�á�ã#äÄè#ñ

)

éBç�àA�sé�B�á�â�á�ñYç•åjã5â�éÁá�çQéÆá�ä3è5ìoësâQèIð�á�ä�äyð�ã5æ¾ðiòsæÆéC35�sé�B�á�â�á�ñYç†ð�ã-æÆð�òsæÁébè-ì)çQá�ñ‚à�ãŸå#á

ã-äQë?á�ð�çhä†éÆñ´ðiè#í›í�è#ñ•õ?äQò�ðhà´ã#ä•ë�ã5âhã5æÆæÆá�æ2ð�è-í�ëHèYäÄéÁçQéÆè-ñ2õ�ñ�ã-í›á&ë�ã-ä�äÄéÆñsôLã-ñ��Œñsè-çQéÆè-ñ�ä•è-ì

êsé¾äÄéÆí�éÁæ¾ã5â�éÁçD&-ó-E éBç�àSãLô-á�ñsá�â�éÆð&æÁéÆêsâhã5â*&‚éÆñ�,eäQã-êHá�æÁæÆá-õ�ñsá

)

è-ë?á�âhãjç�è-âhä†è-â�á�å#á�ñ´á�ñYçQéÆâQá�æ$&

ñsá

)

ð�ã5æ¾ðiòsæÆé•ðiè#òsæ9�‚ê?ámã��0�Iá	�Œã5ñ��‚å-á�âQéÁï�á6�‚â�á�ò�äQéÁñ�ônç�àsá0è-æ<�‚ësâQè�è-ì ä�ó

F G ÚkÛ8H4I6I�Þ�×KJMLNLPO Þ�× ÖRQTSVU�H4I'I'H

ß
àsá�ï�âhäÄç&äeç�á�ë§à�ã-ä`ê?á�á�ñ§çQè�í�è#�Iá�æ�
�
�
�éÆñW,eäQã-êHá�æÁæÆá-ó‚ß
àsáŽè-ë?á�âhãjç�éÁè#ñ�ã5æ�äQá�íŽã5ñYçQé¾ð�ä

X

á'Ysðiá�ësçoìÏè#âgâQá�æÆã-êHá�æÁæÆéÁñ�ô[ZXà�ã-äoê?á�á�ñ›ã��0�Iá6�›ã-äoà�ãŸå#á3äÄçQâ�è-ñ�ô^ã5ñ(�

)

á�ã�"�ê�éÆäQéÁí�éÆæÆã-âQéÁçD&&ã-ñ��

á6\YòséÆåjã5æÆá�ñ�ð�á&è-ìyã5ô#á�ñYç�ä�ó4,eä�ã5ê?á�æÆæÁánà�ã-ä^ê?á�á�ñ ò�äQá6��ç�èLësâ�èjå-ámçQà�ã5ç`äÄçQâ�è-ñsôLêséÆäQéÆí›éÆæ¾ã5â�éBçD&

é¾ä•ãŽðiè-ñ�ô-â�òsá�ñ�ð�á-ó

]�^`_ acbRd-e4f�e�gih0j�blknmobqp0rTh0fDkse4rut.v[bxwirueyh0f`zRv

ß
àsáŽè#ëHá�â�ã5çQéÆè-ñ�ã-ægäQá�íŽã-ñ#ç�éÆð�ä`è5ì�
�
�
�àHã-ä`ê?á�á�ñ§éÆí�ësæÁá�í�á�ñYçQá	� éÆñW,eäQã-êHá�æÁæÆá�ò�äQéÁñsô´ã-ñ

éÆñ��Iò�ðiçQéÆå-á�æ9&8�IáiïHñsá6� äÄá�ç�ó^ß
à�ánäQáiç�ð�è-ñ�äQé¾äeçhä†è5ì7çQòsësæÆá�ä^è5ì�ç�àsámìÏè#âQí

X|{�}�~y}�{o•

Z

)

à�á�â�á

{

éÆä•ã-ñ:ã-ô-á�ñYçtõ

~

éÆäVã5ñŒã-ð�ç�éÁè#ñ•õsã5ñ(�

{o•

é¾ä†ã-ñ

~

 €�sá�â�éÁåjãjç�éÁå#á`è5ì

{

ón•7å-á�â�&Žâ�òsæÆá�éÆñ:çQàsá

è-ë?á�âhãjç�éÁè#ñ�ã5æ?äÄá�íŽã5ñYçQé¾ð�äyéÆäyò�äQá6�kã#äyã-ñkéÆñ��Iò�ðiçQéÆå-á�âQòsæÆá†ìÏè#â7ç�àsá`äÄá�ç

)

éÁçQàLçQàsá^ê�ã-äQá^ð�ã-äQá

è5ì�çQàsá•äQá�íŽã5ñYçQé¾ð�äoâ�á�ësâ�á�äQá�ñYç�éÁñsôVçQàsá3ê�ã#äÄá
ð�ã#äÄá3è5ìsç�àsá•äÄá�ç2�sáiï�ñséÁçQéÆè-ñ2óoß
àsá
è#ëHá�â�ã5çQéÆè-ñ�ã-æ

â�òsæÁátä

)

éBç�à:çQàsá�éÁâVð�è-â�âQátäÄë?è-ñ(�IéÁñ�ônäQáiç†â�òsæÁátä•ð�ã-ñ‚ê?á`ìÏè-òsñ(�‚éÆñ:ç�ã-êsæÁá5‚#ó

]�^|] ƒ„bxrT…sbxe4f�e�gih0j�b†h‡p�r2e�v‡fˆh0fDkse�v

ß
àsá0è#ëHá�â�ã5çQéÆè-ñ�ã-æ?äQá�íŽã5ñYç�éÆð�ä��Iá�ä�ðiâ�éÁê?á6�:ã5ê?èjå-á�é¾ä•ò�äQá6�

)

àsá�ñ8�Iá�ï�ñséÆñsôŽäeç�âQè#ñsônê�éÆäQéÁí. 

éÆæÆã-âQéÁçD&-óA,�ñ’è-â%�Iá�â`çQè��IátäQð�âQéÆê?á

)

átã?" êséÆäQéÆí›éÆæ¾ã5â�éBçD&Sã5ñ��§á	\#ò�éÁåjã5æÆá�ñHðiáŽç�àsáŽçQâhã5ñHäÄéÁçQéÆè-ñ�ä

í&òHäeçmã5æÆæÆè

)

ìÏè-â`àsé<�0�Iá�ñ�‰‡ \çQâhã5ñ�äQéBç�éÁè#ñ�ä�õ•ã5æ¾äÄè:ð�ã5æÆæÆá6��äQéÆæÁá�ñ#ç0ã-ðiçQéÆè-ñ�ä�ó&ß
àsánçQâhã5ñHäÄéÁçQéÆè-ñ�ä

ìÏè-â

)

á�ã�":ê�éÆäQéÁí�éÆæÆã-âQéÁçD&´ã5ñ(�´á6\YòséÆåjã5æÆá�ñ�ð�á›ã-âQá Š

‹

Œq•

ã5ñ(�

‹

Œq•

â�á�äQëHátð�çQéÆå-á�æ$&

)

à�á�â�á

‹

Œq•

äQëHátðiéÁï�á�ä`ãjç0æÆá�ã#äeç^çQàsáŽ‰‡ �ã-ð�ç�éÁè#ñ�ä�èIð�ðiò�âQâ�éÁñ�ôLéÆñ

~

ã-ñ�� Š

‹

Œq•

äQëHátðiéÁï�á�ä�ñsè-çQàséÆñsôŒã5ê?è-òIç

çQà�á•‰‡ �ã-ð�ç�éÁè#ñ�ä†èIð�ðiòsâ�âQéÆñsôŽéÆñ

~

� •��!óVß
àsánè-ë?á�âhãjç�éÁè#ñ�ã5æ2äQá�íŽã-ñ#ç�éÆð�ä•ìÏè#â†çQà�ámç

)

è�çQâhã5ñ�äQé� 

çQéÆè-ñHä^ð�ã5ñ´ê?ámìÏè#òsñ��´éÆñ�çhã5êsæÆá.�só^ß
àsá6&Œã-âQá&í›è#�Iá�æÁæÆá6�´éÁñ‘,eäQã-êHá�æÁæÆá&ò�äQéÆñsôkéÆñ��Iò�ðiçQéÆå-á�æ9&

�Iá�ï�ñsá6�ŒäQáiçhäy3V>eò�äeçVã#ä3çQàsá0â�á�ô#òsæ¾ã5âyçQâhã5ñ�äQéBç�éÁè#ñ:ä�&Iäeç�á�íŒó

]�^|’ “”f`v‡f�w–•4t`r—h0f`kse˜rue4™šz!kse4gnp�•4bxe4z!bxv

ß

)

è´ësâ�è�ð�á�ä�äÄátä&ã-âQáLä�ã5é<�§ç�è�ê?áLêsé¾äÄéÆí�éÁæ¾ã5ânéBìVçQàsá6&§ð�ã5ñ’í�éÆí�éÆð‚á�ã#ðhà è5çQà�á�âhä&ã-ðiçQéÆè-ñ�ä

éÆñ��IáiïHñséBç�á�æ9&-ó ß
àsá�ê�éÆäQéÁínòsæ¾ãjçQéÆè-ñîâQá�æÆã5çQéÆè-ñ�ä‚ã5â�á�ðiè� \éÆñ��Iò�ðiçQéÆå-á�ã-ñ�� ã-âQá´á'Y�çQá�ñHäÄéÆå-á�æ$&

›



œT•?ž0Ÿ9 5¡�¢sœ�£� o¤�¥C '¦%•�§�¨9¤�©(•?Ÿqª� '«5•?©[§�¨<¬'ª�­®¤�¦;¯�¯�°A•?©�±A§*£0 V¬�¤�©�ª`§�¦*²�¬³§*¨$¤�©A¦*²0Ÿ9 6ª�­®¤�¦�§�£0 

¨9©�±#²�¬�§�¨9´� 'Ÿ9µW±# �¶�©� 6±”ª� �§6·Aœ�£0 ¸ª�µ‡«.«Ž '§�¦*¨9¬Ž´� '¦%ª`¨9¤�©�ª5¹º¤?­�§�£� »¦�²�Ÿ$ 	ªo«5•?¦*¼� 6±‘½�¨$§�£@¾'¿

£�•À´� �žC ' 6©A 6Ÿ$¨<±# 	±R·

Á

¥( 6¦*•?§�¨9¤�©�•�ŸRª` 6«Ž•�©[§�¨<¬'ª ÂDª*•?žC 'Ÿ9Ÿ$ -¦* '¥0¦* 6ª� '©[§%•�§�¨9¤�©

Ã Ä¸Å?Æ'Ç È#É ÊÌË

Í6Î

Ê

¹|ÏsÐ Ñ�Ò�ÏyÒ�ÑV¿�ÓÕÔ�Ö�×|Ø%Ù!Ú'×

ÃÜÛqÝTÞWÇ

ÊßË

Í	Î

Êqà

ÊqáqâßË

Í6Î

Ê

à

¾ ¹|Ñ�Ò�ÏyÒ�Ñoã�¿�ÓÕÔ�Ö'×ºØ%Ù!Ú'×näqåæ¹ºÑcçéèŽÒ�ÏyÒ�Ñoã<¿�Ó”Ô�Ö'×ºØ%Ù!Ú'×

ÃÜê•ëCÞWÇ

ÊÌË

Í6Î

Êqà

Ênì âßË

Í6Î

Ê

à

ì â

¾ ¹|Ñ�Ò�ÏyÒ�Ñoã�¿�ÓÕÔ�Ö'×ºØ%Ù!Ú'×näqåæ¹ºÑ»í èŽÒ*ÏsÒ*Ñoãîí èV¿�Ó”Ô�Ö'×ºØ%Ù!Ú'×

ÃÜê•ëCÞÕï	Ç

Ê Ë

Í6Î

Êqà�âñð Ë

Í	Î

âxà

Ênì âóò

Í6Î

Ê

à

ì â

à

¾

Ã

¹ºÑ�Ò*ÏsÒ*Ñoã<¿�ÓÕÔ�Ö�×|Ø%Ù!Ú'×³ô6¹|è5Ò‡õ ÏyÒ*èoã<¿�ÓÕÔ�Ö'×ºØ%Ù!Ú'×

Ç

äqå

¹|Ñ»í èŽÒ�ö0Ò�Ñoãîí èVã9¿�Ó”Ô�Ö'×|Ø*ÙRÚ�×

Ã ÷¸ø‡ù�Ç

ÊßË

Í	Î

Êqà

ú9û%ü[ý

Ê Ë

Í	Î

ú9û%ü[ý

Ê

à

Ï†þ Ó‘ÿ��nÒ

õ

���

Ã

¹ºÑ�Ò*ÏsÒ*Ñ

ã

¿�ÓÕÔ�Ö�×|Ø%Ù!Ú'×³ô�Ï†þ Ó�ÿ��sÒ

õ

���

Ç

äqå

¹��R¹��—¿`Ñ�Ò�ÏyÒ��R¹��—¿DÑoã|¿�ÓWÔ�Ö�×|Ø%Ù!Ú'×

œT•?ž0Ÿ9 
	#¢nœ�£0 -¤�¥( 6¦*•?§�¨9¤�©�•�ŸR¦�²0Ÿ9 6ª�­®¤�¦

È

äqåó•?©(± �

È

äqå ·

È

äqå �

Ê Ë

ÍÀÎ

Êqà

Ê Ë


��

Ê

à

Ê Ë


��

Êqà Êqà�ò


��

Ê

à à

Ê Ë


��

Ê

à à

Ê ò


��

Êxà ÊqàsË


��

Ê

à à

Ê Ë


��

Ê

à à

�

È

äqå �

Ê�� Ë


��

Ê

Ï‘ä ö

Ê Ë


��

Êqà

Ê�� Ë


��

Ê

à

¬�¤�´� '¦* 6±”¨9©

Ã ��Ç

· ÂDª*•?žC 'Ÿ9Ÿ$ 8ª�²0¥0¥C¤�¦�§*ª.žC¤?§�£ ¨9©�±#²�¬�§�¨9´� 6Ÿ$µ@•�©�± ¬�¤��î¨9©�±#²�¬�§�¨9´� 6Ÿ$µÕ±# '¶�©0 	±

ª� �§*ª�ª�¤.¬'¦� 	•�§*¨$©��.¬�¤��î¨9©�±#²�¬�§�¨9´� 6Ÿ$µ5±# '¶�©0 6±Aª� �§*ª�¬'¤�©[§*•�¨$©0¨9©��•§�£0 �§�²0¥�Ÿ$ 	ª�¤?­—•�Ÿ$Ÿ!ž0¨<ª`¨9«Ž¨$Ÿ<•?¦

•��� '©[§*ª�¬�¤�«Ž 6ªy´� '¦*µ.©�•�§*²0¦*•�Ÿ|·uœ�£0 �½�•Àµ.§*£0 'µ»•�¦� �¦* '¥�¦� 	ª` 6©�§* 6±»¬6•?©»žC �­®¤�²0©�±¸¨$©¸§*•�ž0Ÿ$ 

�

·

œ�£0 ;¥0¦*¤[¤�­ºªn§*£�•�§�£�•À´� �žC ' '©K±#¤�©0 ;ª�¤V­º•�¦�•?¦* �§�£(•�§�ªD§*¦�¤�©��•ž0¨<ª�¨$« ²0Ÿ9•?§�¨9¤�©»¨<ª�• ¬'¤�©���¦�²��

 '©(¬� ���§�£(•�§V¨<ªV•?©W ��[²0¨9´�•?Ÿ9 '©�¬' Ž¦� 6Ÿ9•?§�¨9¤�©W•?©�±Wª�²0ž�ª`§�¨$§�²#§*¨$´� 5²0©�±# 6¦••?Ÿ9Ÿs¬�¤�«•ž0¨9©�•?§�¤�¦%ª6·

�� �•?¦* 4•�Ÿ9ª�¤V¤�©� �§�¦%•?©�ª�¨$§�¨9´[¨$§DµŽ¥0¦*¤[¤�­qª`£0¤�¦`§y¤?­q¥0¦*¤�´‡¨$©��-§*£�•�§� ��[²0¨9´�•?Ÿ9 '©�¬' 4¨<ªs••¬'¤�©���¦�²��

 '©(¬� �·s°#¨$©�¬' -ž0¨9ª�¨9«•²0Ÿ<•�§*¨$¤�© ¨<ª�•Ž¬�¤��€¨9©�±#²�¬�§�¨9´� -±# �¶�©�¨�§*¨$¤�© §*£0 o¥0¦*¤‡¤?­ºª�£�•À´� ;žC ' '©K«5•�±0 

ž‡µ•¦* 6•�ª`¤�©0¨$©��-•�ž(¤�²#§n§*£0 ���¦* 6•?§� 	ªD§2¶��# 6±Ž¥C¤�¨9©[§�� •�±�±#¨$©��V•?Ÿ9Ÿ0¥(¤[ª�ª�¨9ž0Ÿ$ �±# '¦*¨$´�•?§�¨9´� 6ª2¤�­q•

¬�¤�«•ž0¨9©�•?§�¤�¦T§*¤�§*£0 �ž0¨<ª`¨9«•²�Ÿ9•?§�¨9¤�©.¦� 6Ÿ9•?§�¨9¤�©Žª`£0¤�²0Ÿ<±•¥0¦* 6ª� '¦*´� y§�£�  ��¦� 	•�§* 6ª`§T¶��‡ 	±•¥C¤�¨9©[§6·

�� 6•?¼¸ž0¨9ª�¨9«•²0Ÿ<•�§*¨$¤�©A¨<ª�©0¤�§4•.¬'¤�©���¦�²� '©�¬' ;•�ª�§�£0 

ÛxÝ—Þ

¦�²�Ÿ$ ož0¦* 6•�¼#ªs§*£0¨<ª�¥0¦* '«Ž¨9ª� �·

!#"�$ %�&�'(&*)�+-,/.0)�1

œ�£0 2��¤�•�Ÿ0¤?­R§*£0¨<ªs¥0¦*¤�3D 	¬³§s¨<ªu§*¤•«5•?¼� 4•4�� '©0 6¦�¨<¬�Ÿ9¨$ž0¦%•?¦*µV­®¤�¦s¦* 6•�ª`¤�©0¨$©��V•?žC¤�²#§�¥0¦�¤#¬' 6ª*ª

¬'•�Ÿ9¬'²0Ÿ9¨[¨9©•ÂDª*•?žC 'Ÿ9Ÿ9 �·5�c£(•�§2«.¤[ªD§2©0¤�§*•?ž�Ÿ$µ-¨<ª—Ÿ<•�¬%¼‡¨9©��4•?§—§*£0 y«Ž¤�«. 6©[§T¨<ªT©�•?«Ž s¥(•�ª*ª`¨9©���·

œ�£0 ‘©0 6�‡§Aª`§� 6¥ ½�¨9Ÿ$Ÿ;ž( �§�¤é 6�‡§� 6©�± §�£� �Ÿ9¨$ž0¦%•?¦*µé§�¤Õ¨9©�¬�Ÿ9²�±# ‘§�£� 879�ˆ¬'•?Ÿ<¬�²�Ÿ$²�ª

Ã :�Ç�;

•

¬'•�Ÿ9¬'²0Ÿ9²�ª�­®¤�¦�«Ž¤�ž�¨$Ÿ9 -¥0¦�¤#¬' 6ª*ª` 	ªy½�£�¨9¬%£Kª`²�¥0¥(¤�¦`§%ª�§�£0 o¥(•�ª*ª`¨9©��Ž¤?­T©�•?«Ž 6ª�•�¬�¦*¤�ª*ªsŸ9¨9©0¼#ª'·

<� 6¥0¦� 	ª` 6©[§�¨9©���§�£0 =79�ˆ¬'•?Ÿ<¬�²�Ÿ$²�ªŽžC 6¬'¤�«Ž 6ªŽ¥�¦�¤�ž0Ÿ$ 6«5•�§�¨<¬K•�ª5Ï5�î >�[²0¨$´�•�Ÿ$ 6©�¬� K£�•�ª.§�¤Wž( 

§*•�¼� 6©Õ¨$©[§*¤�•�¬6¬�¤�²�©�§	·�°‡¤�«Ž ¸½�¤�¦*¼�£�•�ª •�Ÿ$¦* 6•�±#µ‘žC ' 6©@±#¤�©0 ¸¨9©”§�£�¨9ªŽ•?¦* 6•Kž‡µ?<
@ ¤[¬%¼[Ÿ

•?©(±BA�¨9¦*ª*¬%£0¼�¤�C

Ã D6Ç

•�©�±�¬'¤�Ÿ9Ÿ9•�ž(¤�¦*•?§�¨9¤�©K½�¨�§*£�§*£0 '« ¨<ª�²0©�±# 6¦�½�•Àµ�·E�‘ Ž•?¦* •¬'²0¦�¦* '©[§*Ÿ$µ

�



FHG�I�JLK M�N5F#O�K#P6Q�R�SLT�U(V�P6WXSLY�K U(K6Z�T�S[W�S\Q]T^Q�_a`bW�cXQ]T�d*I�Se`XS\fgV�JLG�WXSLQ�TihgjlkmK>G�noI�Se`pSLf^V�JeGlW�S\Q]T

q

G�T�UrK�stV�SLYlG�JLKuT�PuK
vgw

h x y z|{H}
~�•€} •

‚„ƒ

}4~

‚„ƒ†…ˆ‡(‰

~�•

‰

•

‚aƒŠ‰

~

‰

~„h‹}4~eŒŽ•

z9{

‰

~

‰

•

‚aƒ•‰

~

‚aƒ•…ˆ‡

}4~�•€} •

‚aƒ

}4~

‰

~„h‹}4~\Œ’‘|v”“

‰

h•}

q

x y z|{H} ~ •€} •

‚„ƒ

} ~

‚„ƒ†…ˆ‡(‰

~ •

‰ –

•v”“

‰

~

‰

~

q

} ~ ŒŽ•

z9{

‰

~

‰

•

‚aƒ•‰

~

‚aƒ•…ˆ‡

}4~�•€}

–

•v”“Š}4~

‰

~

q

}4~\Œ’‘|v”“

‰

q

}

v x y z|{H}
~�•€} •

‚„ƒ

}4~

‚„ƒ†…ˆ‡(‰

~�•

‰

•v”“

‰

~

‰

~

q

}4~eŒŽ•

z9{

‰

~

‰

•

‚aƒ•‰

~

‚aƒ•…ˆ‡

}4~�•€} •v”“Š}4~

‰

~

q

}4~\Œ’‘|v”“

‰

v•}

JLQtQ]n—S\T�dBG�Wg˜š™=R’`pKuW�`
I—›•œoG�I�I�Gž›Ÿy M�‘mk O�SeP¡O?JLQtQ]n(`4¢�c�Q�f£SL`XSLT�d�wB¤ G�c�Kif^V�`pWgG�JL`XQ¥I„K

W�G�n�K�T¦T�Q�WmWXQgf£G�n�K*WXO�KEJ\SLI�c¡G�c�›^W�Qg`X¢„K>P6SeG�JLSL`XK�U”wš§¨_�Kuk•G�WpW�Kuf£¢(W�` O�GžY]K*G�JLc�K�G�U�›gIaKuK�T

fiG�U(KoW�QiG�U�UrQ�¢aKuc¡GlW�Q�c¡`m_�cXQ]f©¤#ª(«¬y[­u‘”WXQ�W�O�K
K6®(Se`bW�S\T�d�SLf£¢�JLKuf£KuTtW�G�WXSLQ�T=k S\WXO=d�Q—Q(U

c�K�`XV�J[W¡`uw

¯±°�²�°*³�°*´=µ °�¶

y\­6‘^ª9w”·gw9¸ c�Q—Q�n�K>`uj”¤2w|§
w”¹4w|º*Q]G�c�K�j|G�T�U8§^w|»¼w9¹�Q]`�P6Q—K�w
§½WXO�K�Q�c�›¥Q�_mPuQ�f£f^V�T�S[R

PuG�WXSLT�di`pK>s]V�KuTtWXSeG�J|¢�c�Q(P6K>`X`XK�`�w ¾(¿”ÀgÁHÂ¥j�M�­

…

MtŒŽN€Ã�Ä�ÅlÆ(Ã�Ç�Ç�j„­�Ç]È�É�w

y Êž‘
¹�G�T„P6K*¤mJ\K>GžY�K�JLG�T�U|j�Ë]Q]G]P¡O�S\fÌ«�G�cXc�Qlk4jlG�T�U�¸ Kuc�T�O�G�c�U£ªtWXKuÍaK�T”w„F#O�K�P6Q�T„P6V�c�cXK�T�P6›

kmQ]cXn—IaKuT�P¡O5N”G�`pK�fiG�TtWXSePu`pR�I„G�`XK�U2WXQ—Q�J�_�Q�c5WXO�KmY�Kuc�S\Z„PuG�WXSLQ�ToQ�_�PuQ�T�PuV�cXc�KuTtW5`X›(`bW�Kufi`uw

ÀgÁHÂÏÎ�ÐXÑ�Ò�Óu¿”Ô ÐXÕ�Ö�Ð�Ñl×i¿5Ø5Ñ�ÒtÖt¿ÚÙ„ÛžÓŽÜ’¿Lj”­>Ã

…

­>Œ6N M]ÄžÆ�Ý�Ê(ja­�Ç]Ç�M�w

y Ml‘
™?wmË„w œoG�I�I�Gž›]w‹F#O�KBÞ9R’PuG�JLPuV�JLV�`iSLT¨˜H™ßw-à’T¨˜„G�SLcXQ]V�áBâ4G�fiG�cXK>U�U(SLT�K�j K�U(S\WXQ]c�j

Î9ã—äåÐŽÜ�Ûlæèçêélë^Û�ë¡Ñ�Ð¡Ó
Õpì2Àoí(Ü’Õl×iÑlÜ�ã—w�âoJLV—kmK�c�j�Ê�Å�Å�M�w

y É�‘
¹4w�™¥SLJLT�Kuc>w4ÁêÕl×�×gí(Ò„ä�î�Ñ�Üˆä�Õ�Ò/Ñ�Òaï¥ÁêÕ�Òaîuí(ÐŽÐXë6Ò9î6Ûlwm«êc�KuTtWXSeP6KuRðº2G�JLJˆj—à’T�P�w\j”­>Ç�È]Ç�w

y Ãž‘
¹ Q�I�S\TŸ™¥S\JLT�K�c�j Ë�QtG�P¡O�SLfñ«�G�cXc�Qlk4j�G�T�Uò·2GžY—SeUß»•G�JLn�K�c�w?§óPuG�JLPuV�J\V„`^Q�_*f£Q�I�SLJ\K

¢�c�Q—PuK�`�`pK>`uj—S�ôžSLSˆw0õ6Ò�ì6¿ ÁêÕl×*öaí(Ü’¿Lj5­>Å�Å

…

­>Œ6N\­6Æ�Ý]Ý—j�­>Ç�ÇtÊ(w

y Äl‘
Fow„÷*S\¢�n]Qlk4j�øêw|¤2w�«�G�V�Je`XQ�T”j�G�T�U¥™?w�»/KuT�á�KuJ�w#õŽÓuÑ�ù¡ë6úåúLë’û(üiý0ØêþmÑoö9ÐXÕ�Õpì^ÑžÓ¡ÓŽäeÓŽÜðÑ�Ò�Ü

ì6ÕlÐEã(ä[Ö>ã�ë6ÐŽæpÕ�ÐXï�ëuÐ^úLÕXÖ�ä�î6w ª—¢�c�S\T�d]KucXR�ÿ�K�cXJeG�d„j—Ê�Å�ÅtÊ(w

y€Ý>‘g¤2wm¹�� QtP¡n—J�G�T�U ·gwmº�SLc¡`XP¡O�n]Q�Íšw•§ó_�V�JLJL›òG�U�K�stV�GlW�KB`pO„G�JLJ\Qlk Kuf^IaK�U�U(S\T�dßQ�_EWXO�K

Þ9RðP�G�JeP6V�JLV�`iSLT àb`�G�IaKuJLJ\Klôlº��Eø-k S\WXO f£K�P¡O„G�T�SLáuK>UŸ`X›—TtW�Gl® G�T�G�J\›(`XSL`�w½¾(Õlí(ÐŽÒ9Ñlú*Õpì

�|í(Ò9î6Ü�ä�ÕlÒ9ÑlúaÔ#ÐXÕXÖ�ÐXÑ�×g×�äåÒtÖ�j„Ê�Å]Å�M�w

y Èl‘
¸���� Q�c�Trÿ2SLP6WXQ]c2G�T„Ur˜„G�c�Q�T¥™¥Q]J\JLKuc>w F#O�K^™¥Q�I�S\JLS[Wb›r» Q�c�n—I„K�T�P¡O	� G�W�QtQ]J”_�Q]c WXO�K

Þ9RðP�G�JeP6V�JLV�`�wòà’T ·EGžYtSeUŸ·*SLJ\J�j K�U(S\WXQ]c�jgÁ”À�
�� 
��„þ¨ÁêÕl×*öaí(Ü’ë6Ð À2ä�ï�ë¡ï�
aë6ÐŽä ç î�Ñ�Üˆä�Õ�Ò�j

Y�Q]J\V�f£K*È�­�ÈoQ�_HØ5ë¡îuÜˆí(ÐXë��gÕlÜ’ëŽÓ�äåÒ•ÁêÕl×*öaí(Ü’ë6Ð2Ù9îuä�ëuÒaî¡ë6jt¢�G�d�K�`0ÉtÊ�ÈžÆtÉ]É]Å�wlª(¢�cXSLT�d]KucXR

ÿ�Kuc�JLG�d�j|­>Ç�Ç�É„w

Ã



������������������� �"!$#&% ��' !(�*)+��,-#/.-#0�1� 243�,5.6��% ,

798;:=<?>9@BADC-EGF5HBIJAKC9LNMOI�C6:PH�Q�R�C-STSTR�C�U VW<X@YHZADC\[�I�]-E�^�I_@�`

aYbdcfeDgGhjilknm elo_k

p_gTg_qrhjsth�pXo_uwvYeli/q/unknx

pygTg�qlhjsth{z6|y}~e€•Bero

•+‚Pƒr„†…{‡yˆY„

‰�Š‹ŠlŒG•ŽŠ0•y•’‘“••”T–˜—_™˜•›š•œŸžY–t”Y Y¡�™t•€¢_£N¤w Y¡4 T•G¥;–˜™˜••Š�–tŠ0žj¡/•y™˜••”9 Y¤¦¡€Šr”T—y–˜žj¡1–˜žY•y”T—yžj”YŠ0œ1•Ž §•€¢yŠ

œŽŠr•Ž•€™¨••”Ÿ Y¤©knuªm«e�•4kniŽhjo•q¬uªknu®­jo9q/x{qlk;elmfq/¯±°1 Y¡�Š«œŽ²�Š0³r™t´_³ržY–˜–tµY¶�·�Š±••Š0œ€³l¡�™t¸�Š¦ž+²y¡€ G³lŠ0•y—•¡€Šf¤w Y¡

™˜•y¤wŠr¡€¡/™˜••”1œŽµGœŽ•ŽŠ0£«œf•€¢yžj•¦³ržY•9¸JŠ+••Š0œ€³l¡�™˜¸JŠ0•�¸Zµ¹elvjero_knºDiŽe�»�­jiŽ•juªoZ¼dhY½Gk¾­Ym±hTk¾h‹¸�µ�žYœŽ¿G™˜••”Àž

œŽŠ0Á�—•Š0•y³lŠ“ Y¤X£«Š0£�¸�Šr¡�œ€¢_™t²ÂÁ�—•Šr¡�™tŠ0œÄÃn•• �Š0œ6•€¢•Š�œŽµGœŽ•ŽŠ0£(žY³r³lŠr²y•�žf”T™tÅYŠ0•+•€™˜£±Š0•+·~ Y¡/•�Æ&ÇfžY•_•

Š0Á�—y™tÅjžY–tŠ0•y³lŠ±Á�—•Šr¡�™tŠ0œ«Ãn™˜œ�žO¢Bµ�²� Y•€¢•Š0œ€™tÈrŠ0•�••Š0œ�³l¡�™t²y•€™t T•ÀŠ0Á�—y™tÅjžY–tŠ0•Z•�•Ž 1•€¢•Š«³l Y¡€¡€Š0³l•� T••Š&Æ&Ç/¯

ÉÊ•�•€¢•Š ™¨••¤wŠr¡�¡€Š0•‹••Š0œ€³l¡/™t²y•€™t T•›¶XœŽ•€žj•ŽŠ0œ	žj¡�ŠÂ™˜••Š0•Z•€™t´yŠ0•Ë¸�µ�œŽŠ0Á�—•Š0•y³lŠ0œ	 Y¤6œ€µ�£	¸� T–˜œ�•Ž Y”YŠr•€¢•Šr¡

·�™˜•€¢±•€™˜£«™˜•y”Ì™˜••¤ª Y¡�£«žj•€™t T•›¯PÍ�¢•Š�•�—y£	¸�Šr¡= Y¤Î£±Š0£	¸JŠr¡/œ€¢y™t²«Á�—•Šr¡�™tŠ0œ*™˜œ=²� T–tµG•• T£«™˜žY–¨–tµ�™˜•±•€¢yŠ

¡€Šr”T™˜ T•O”Y¡�žj²_¢OžY•y•4™˜•Ÿ•€¢•ŠÌ¸_™˜”Y”YŠ0œŽ•�³l T•yœŽ•€žY•Z•� Y¤�•€¢•ŠÌžY—••Ž T£ žj•Ž T•4•Ž  –˜Š0žj¡�•›¯

Ï4ÐÎÑ�Ò0ÓÕÔªÖÎ×jØ†ÙTÚÜÛ®Ý{ÞGß¬àGá¬âYãTäZß¬àTåBßlãÜÛnæjæPÛDç0ä

èÀÐÎÑ�Ò0ÓÕÔªÖ�éBä†àYÙjãXÛKê{ë†àGç{ç†ë†àBåZß¬ãXÛnæ&æ�ÛÊç0ä

ìÀÐÎÑ�Ò0ÓÕÔªÖJíTÚ&ÞjãGß/à�Û¾îYä†æ�árïTä&ÞTåBß¬ãPÛwæjæ�ÛDç0ä

ð�ñ

Óóò5Ò0ôTõ

ñTö&÷

ÓÕò5òKôTøTø

ö†÷

õKù¬ú	ûjü�õ

ñ

ù�ÐÎô

÷Kö

øZù¬Ò0ý	þ=ù/òKù/Ò

÷ÊÿÊñ	ð�÷

Ò0ÓÕýTÓ ý

���

ù€õ��

ö†÷��	��


Ò†Ñ“ù¬ò���


����������������� �"!$#%���&�'� ()�'*,+�-.�/�102�3�/�4�5�������/���6� 718:9:�1;6�<�=�5>@?$?2A



Comparativ e Linear-Time Semantics on Action-Lab elled
Con tin uous-Time Mark ov Chains

VerenaWolfy, Christel Baierz

y University of Mannheim, D-68131 Mannheim, Germany, vwolf@pi2.informatik.uni-mannheim.de

z University of Bonn, R•omerstr a�e 164, D-53117 Bonn, Germany, baier@informatik.uni-b onn.de

Extended Abstract: Comparative linear-time semantics like (maximal/�nite) trace and readi-

ness/failure equivalence have been widely considered for labelled transition systems (for an

overview see [vG90]) and also in the (discrete-time) probabilistic setting [DTH92, Seg95].

We extend these semantics 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 processes,transitions occur with a certain prob-

abilit y. Additionally , each state has an associated residence time 1 given by an exponentially

distributed random variable. ACTMCs can also been seenas an action-labelled extension of

continuous-time Markov chains, a standard model usedin performanceanalysis [Ste95].

We present several equivalencerelations on aCTMCs that have, to the best of our knowledge,

not yet beende�ned and analysed in 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 systems is restricted to equivalencesbased on the

branching-time structure of a process(an overview is given in [CBW03]). We extend the testing

scenario of [vG90, SV03] to the stochastic setting to motivate our semantics by consideringthe

following experiment:

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 machine, illustrated in Fig. 1) with two information

displays and one button such that

time

display

absolute
time

current
action

reset

button
action

display

a0.2

Figure 1: Stochastic Trace Machine.

1The residenceor sojourn time of a state is the time the processspends in this state.
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� the �rst display shows the action currently performed by M ,

� the seconddisplay shows 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 observer and at an

arbitrary time instant she decides to push the reset button to observe another run. After

in�nitely many runs the probabilit y of each possibleobservation can be calculated: Let O be

the set of all possibleobservations and Pr M (o) the probabilit y of observingo 2 O during a run

of M . For aCTMCs M ; M 0 de�ne

M � M 0 ( ) 8o 2 O : Pr M (o) = Pr M 0
(o):

The testing scenario described above motivates several equivalence relations on aCTMCs by

consideringslight variants of the information given by the time display:

1. Assume the observer records the values on the time display when an action is carried

out. The set of observation O = (Act � R� 0)� and Pr M (a0; t0; a1; t1; : : : ; an ; tn ) is the

probabilit y to observe the action sequencea0 a1 : : : an where a0 is performed in [0; t0] and

ai is performed within x � t i time units after the occurrenceof ai � 1, 1 � i � n 2.

2. Supposethat whenthe resetbutton is pushedthe time display shows the 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� 0 and Pr M (a0; a1; : : : ; an ; t) is the

probabilit y that the trace a0; a1; : : : ; an is performed within t time units.

3. Consider slight variants3 of Pr M (o) for the cases1./2.: (i) In case1 the observer records

the information on the time display at somearbitrary time instant betweenthe occurrence

of two successive actions. So we add an additional condition on the duration x between

the occurrenceof two successive actions ai � 1; ai (besidethe condition x � t i ) by requiring

that no further action is performed within the remaining t i � x time units, i.e. the process

remains in the state reached via ai at least t i � x time units. (ii) Considera similar variant

of 2. The time display shows the absolute time when the reset button is pushed. Let

Pr M (a0; a1; : : : ; an ; t) be the probabilit y of performing a0; a1; : : : ; an within x � t time

units and remaining at least t � x time units in the state reached via an .

4. Consider the stochastic extensionof failure and readinessequivalence [DTH92, vG90].

Relationships between semantics that identify processeswith behaviour "equal" on a certain

level of abstraction turned out to be helpful for veri�cation purposes.Hence,we examine if 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 ai exactly t i time units after ai � 1 equals zero, so the cumulativ e probabilit y is

consideredsimilar to the operators in the contin uous stochastic logic describing transient properties [BHHK00 ]
3This de�nition of P r M (o) is similar to the de�nition of transition probabilities widely used in performance

analysis [Ste95].
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� Case1. is �ner than case2.,

� Case1. is equal to case3.(i) and 2. is equal to 3.(ii).

� Failure and readinessequivalencecoincidein the stochastic setting (as in the discrete-time

casebut opposedto the nonprobabilistic case),but �ner than case1. (2. resp.).
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As embeddedsystemsbecomemore and more complex, early availabilit y of
unambiguousspeci¯cation of their intended behaviour hasbecomean important
factor for quality and timely delivery. Consequently , 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 such
proceduresis, however, a ¯rmly constrained expressivenessof the speci¯cation
formalisms:onehasto sacri¯ce all elements that could give rise to undecidability.

However, the logically motivated notions of entailment between speci¯ca-
tions, satis¯abilit y of speci¯cations, etc., have often been criticized from an
engineeringstandpoint, as their validit y or invalidit y may well depend on the
exact values of certain constants (e.g., the exact length of a steering rod rel-
ative to the exact distance of two joints), while any technical realization of
theseconstants 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 constants may be consideredquestionable. Based on this insight, re-
search has in recent yearsaddressedmore \robust" notions of property satisfac-
tion, where a property is consideredto be \robustly (in-)valid" i® it does not
changeits validit y under small variation of constants and/or valuesof variables
[GHJ97,Pur98,FrÄa99,AB01,FrÄa01,Rat02a,Rat02b]. The ultimate hope is that,
besidesbeing more relevant to engineering problems, such robust notions en-
hance decidability as, e.g., existenceof non-computable reals cannot in°uence
their validit y.

With respect to embedded system design, such robust properties have by
now mainly beeninvestigated in the automata-basedmodeling context. Starting
with Gupta's, Henzinger's, and Jagadeesan's[GHJ97] as well as Puri's [Pur98]
investigation of timed automata, the idea hasbeento exploit topological proper-
ties of systemsin order to obtain robust answers. Asarin and Bouajjani [AB01]
have applied this approach to reach set computation of, a.o., hybrid automata
and Turing machines. FrÄanzle intro duced a variant thereof in [FrÄa99] by apply-
ing the concept to decisionproblemsabout hybrid automata instead of reach-set
computation, e.g. invariance of a ¯rst-order property over hybrid states [FrÄa99]

? 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[FrÄa01], thereby obtaining decisionproceduresthat succeedin all ro-
bust cases,even such which are undecidablewrt. non-robust notions of property
satisfaction.

Independently , constraint solving technology for numerical constraints over
the real numberswasdeveloped that hasperfectly 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 solvabilit y doesnot changeunder small perturbations of the constants the
constraints contain [Rat02a,Rat02b,Rat02c]. Even in caseswhereconstraints are
decidable,robust constraints can generally be solved much more e±ciently .

In this talk, we unite above two lines of research 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 show
its equivalenceto a multi-v alued interpretation that usesthe real numbersasse-
mantic domain and assignsLipschitz-continuous interpretations to all operators
of DC.

We de¯ne a formula Á to be robustly valid i® not only Á itself is valid (in
the classicalsenseof DC), but there additionally is a real number ± > 0 such
that all formulae Á0 that di®er from Á only in a change of constants of up to
§ ± are valid (again in the classicalsenseof DC). The fundamental idea of the
multi-valued semantics, on the other hand, is to assignto each (sub-)formula Á
and each valuation ¾of its free variables a real number MV [[Á]](¾), where

{ the sign of MV [[Á]](¾) signi¯es whether Á is satis¯ed by ¾or not, and
{ the magnitude of MV [[Á]](¾) correspondsto the maximum permissiblechange

of the constants occurring in Á that keepsÁ's satisfaction properties over ¾
unchanged.

I.e., if jMV [[Á]](¾)j = c then all formulae Á0 that di®er from Á only in a change
of constants of up to § c correspond to Á wrt. ¾ in so far as either both Á and
Á0 are satis¯ed by ¾, or both are not. Intuitiv ely, jMV [[Á]](¾)j is the robustness
margin of Á wrt. ¾, such that the multi-v aluedsemantics and the notion of robust
validit y are in direct correspondence.

An analysisof MV [[Á]] revealsthat the multi-v aluedsemantics assignsLipschitz-
continuous interpretations to all operators of DC. This Lipschitz-continuit y pro-
vides a handle for a plethora of approximabilit y results. I.e., unlike the classical
two-valued interpretation, truth values in 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 undecidableover densetime [ZHS93,ZH04,FrÄa04], this can provide
novel approachestowards tool support for dense-timeDC.

References

[AB01] E. Asarin and A. Bouajjani . Perturb ed turing machines and hybrid sys-
tems. In Proceedings of the Sixteenth Annual IEEE Symposium on Logic in



Robust Interpretation of Duration Calculus 3

Computer Science (LICS 2001). IEEE, 2001.
[FrÄa99] M. Fr Äanzle . Analysis of hybrid systems: An ounce of realism can save an

in¯nit y of states. In J. Flum and M. Rodr¶³guez-Artalejo, eds., Computer
Science Logic (CSL'99) , volume 1683 of Lecture Notes in Computer Science,
pages126{140. Springer-Verlag, 1999.

[FrÄa01] . What will be eventually true of polynomial hybrid automata. In
N. Kobayashi and B. C. Pierce, eds.,Theoretical Aspects of Computer Software
(TACS 2001), volume 2215of Lecture Notes in Computer Science, pages340{
359. Springer-Verlag, 2001.

[FrÄa04] . Model-checking dense-timeduration calculus. Formal Aspects of Com-
puting, 16(2):121{139, 2004.

[GHJ97] V. Gupt a, T. A. Henzinger, and R. Jagadeesan . Robust timed au-
tomata. In O. Maler, ed., Proceedings of the First International Workshop on
Hybrid and Real-Time Systems(HAR T 97), volume 1201 of Lecture Notes in
Computer Science, pages331{345. Springer-Verlag, 1997.

[Han94] M. R. Hansen . Model-checking discrete duration calculus. Formal Aspects
of Computing, 6(6A):826{845, 1994.

[Pur98] A. Puri . Dynamical properties of timed automata. In A. P. Ravn and
H. Rischel, eds.,Formal Techniques in Real-Time and Fault-T olerant Systems
(FTR TFT'98) , volume 1486 of Lecture Notes in Computer Science, pages
210{227. Springer-Verlag, 1998.

[Rat02a] S. Ratschan . Contin uous ¯rst-order constraint satisfaction. In J. Calmet,
B. Benhamou, O. Caprotti, L. Henocque, and V. Sorge,eds., Arti¯cial Intel-
ligence, Automated Reasoning, and Symbolic Computation , number 2385 in
LNCS, pages181{195. Springer, 2002.

[Rat02b] . Quanti¯ed constraints under perturbations. Journal of Symbolic Com-
putation , 33(4):493{505, 2002.

[Rat02c] . Search heuristics for box decomposition methods. Journal of Global
Optimization , 24(1):51{60, 2002.

[ZH04] Zhou Cha ochen and M. R. Hansen . Duration Calculus | A Formal Ap-
proach to Real-Time Systems. EATCS monographs on theoretical computer
science.Springer-Verlag, 2004.

[ZHR91] Zhou Cha ochen, C. A. R. Ho are, and A. P. Ravn . A calculus of dura-
tions. Information Processing Letters, 40(5):269{276, 1991.

[ZHS93] Zhou Cha ochen, M. R. Hansen, and P. Sestoft . Decidabilit y and un-
decidabilit y results for duration calculus. In P. Enjalb ert, A. Fink el, and
K. W. Wagner, eds., Symposium on Theoretical Aspects of Computer Science
(STACS 93), volume 665 of Lecture Notes in Computer Science, pages58{68.
Springer-Verlag, 1993.



Implementingstrongerencapsulationfor Java-like
languages

Ville Lepp̈anenandSamiMäkelä
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Abstract

Encapsulationin object-orientedlanguagesis understoodto meanhiding the internal
representationandforcingtheusertoaccessthemaintaineddatathroughthepublicinterface.
Theproblemis thatvia thepublic interface,onecanimportandexport referencesto partsof
theinternalrepresentation.In currentOO languages,this problemis not tackled.

Onecanseekthe solutionfrom two directions: (a) Avoiding to provide a referenceto
an internalpart,or (b) makingsurethat throughadditionalreferencesto the internalrepre-
sentation,onecannotbreakinvariantconditions.Considera binarysearchtreeandthevery
naturaloperationof giving out accessto the left subtree.Following (a) would meanthat
eithera copy of the whole left subtreeis made,or onecannothave a referenceto the left
subtree.Neitherof thesolutionsseemsacceptable.

Wefollow theotherpath,andconsidersharingreferencessafelyto bedesirable.Sharing
is a fundamentalprogrammingconceptin objectorientedsoftwaredesign,andoneshould
not try to avoid sharingbut ratherto control the possibleeffectscausedby sharing. Pre-
viously KnieselandTheisen[1] have consideredthis problemandstudiedextendingJava
with transitive read-onlyrestrictionto references.Their solutionis static in the sensethat
compilercancheckthecorrectusageof transitive read-onlyreferencesat compiletime.

We have implementeda muchmoregeneralextensionof protective referencesandim-
plementedit with respectto theforthcomingJava5.0. In ourextension,onespeci�esobjects
to have namedabstractproperties(following [2]). Methodsarespeci�ed to have an effect
to someof thoseabstractproperties.Thereis alsoa way to expresswhethera methodex-
posesa referenceto someinternalpart. The typesystemis thenextendedwith expression
immu(<regexpr>) X, wherearegularexpressioncharacterizesthoseabstractproperties
thatareprotectedfrom thetransitiveclosure(reachedvia referenceof thebasetypeX).

In our implementation,the immu-expressionscan be appliedto any type expression,
even to type parametersof genericclasses.Basicallyeachimmu-expressioncorresponds
implicitly to a certainkind of supertypeof the basetype. Thus, the checkingof object
integrity, whenproperlyusingprotective references,reducesto type checkingthat canbe
doneatcompiletime.

Wehaveimplementedsuchtypetypecheckingmechanismof themodi�ed Java5.0.With
our constructions,it is possiblewrite sucha classrepresentingbinary searchtreethat it is
safeto giveoutreferencesto e.g.theleft subtree.By safetywemeanthatvia suchreferences



onecannotbreakthe orderinvariantof the whole binary searchtree. Our implementation
essentiallyprovidesoneimplementationfor 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. a typed operational semantics of objects with
method update). The two 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
interpretationsarerelated and a self-application semantics givesusa recursion
principle that can be used for programming with objects. To this end, we give
wrapper classes for algebraic datatypes, and instantiate the recursion principle
for these wrappers.

Thispaper isbased on work reported previously in [5]. However, wealso 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 t ract

Distr ibuted applicat ions such as critica l infr astr ucture are natur ally modeled by con-
current objects. However, current object oriented programming languagesdo not capture
the distribut ed sett ing equally well, resulting in low-level and error-proneprograms. Reas-
oning about concurrent programs in theselanguagesis at best very challenging.

Intuit ive high-level programming constructs areneededto unit e object orientat ion and
distr ibutio n in a natur al way. The Creol language attempts to addressthis issue. In this
paper, we show how a proof system for Creol programs may be derived from Hoare rules
for standard sequent ial programming constructs, capturing the highly non-determinist ic
behavior of distr ibuted concurrent objects

Object oriented languagesmay be critis ized for their approach 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 abstraction.

Furthermore, the current model of concurrency found in languagessuch as Java makes
reasoning about code very challenging [1]. Intuitiv e high-level programming constructs are
neededto unite object orientation and distribution in a natural way [2� 4, 12]. The Creol
language [6,8] proposes programming constructs for concurrent objects based on processor
releasepoints and a notion of asynchronous method calls. A concurrent object hasa dedicated
processor for local computations. This allows Creol programs to be highly non-deterministic,
re�ecting the non-determinism of the distributed system, and very �exible with regard to the
order in which computations are preformed. Still, Creol programsare fairly intuitiv e and easy
to understand, avoiding explicit scheduling and low-level signaling mechanisms in the code.

Processor release points are used to in�uence the implicit internal control �o w in the ob-
jects. This reducestime spent waiting for replies to method calls in a distributed environment
and allows objects to dynamically change between active and reactive behavior (client and
server roles). The Creol language has a formal operational semant ics de�ned in rewriting
logic [9], in which method calls are re�ected by pairs of asynchronousmessages[5,7], allowing
messageovertaking. The result extends programming with so-called future variables [12]; the
caller may continue its computation until the return value of the call is explicitly neededin the
code. If the reply has not arrived at this point , the object must wait � unless it can proceed
with other pending computations. For this purpose, the future variable programming style is
extended in Creol by introducing interleaved method evaluations in objects. This is done by
de�ning potential processor release points by meansof inner guards in method bodies.

In this paper, we show how a proof system for the Creol languagemay be derived from
Hoare rules for well-known sequential programming constructs by means of an encoding of

1



processor release points and asynchronous method calls into the sequential setting. For reas-
oning purposes, objects are extended with local variables re�ecting the non-deterministic
interleaving of object activit y. The derived rules are su�cien t for partial correctness reas-
oning. The approach extends to parallelism by the representation of �nite communication
histories as local program variables, and a rule expressing that di�eren t local communication
histories are compatible [10,11]. The representation of communication in history variablesres-
ults in a compositional proof system: for reasoning purposesit is su�cien t to consider oneclass
at a t ime. The approach is object oriented in the sense that local program variablesare encap-
sulated and only available for local reasoning. The local history of observable communication
provides an abstract view of an object's internal state. External and compositional reasoning
is based on the observable behavior of objects. The proof rules establish 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 implements 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

Recently timed automata technology has been successfullyapplied to
the modelling and solution of several real time scheduling problem. Com-
pared with traditional approaches{ such as LP 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 checking { seemvery di®erent (and e±ciency-wise incomparable)
to traditional approaches.

In order to address optimal scheduling problems the basic timed au-
tomata model has beenextended with one additional contin uous variable
{ cost { which may grow with di®erent rates in di®erent locations.

In the talk we shall intro duce investigate the resulting model Priced
Timed Automata. We shall review the ¯rst positive results for this model,
namely computabilit y of optimal reachabilit y as well as datastructures
allowing for e±cient computabilit y. Also, we present ongoing work on
optimal in¯nite schedules as well as optimal dynamic scheduling using
Priced Timed Automata with controllable as well as uncontrollable tran-
sitions. To addressthe ever-present 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

Thework focuseson theanalysisof an exampleof synchronoussystemscontain-
ing FIFO buffers, registersandmemoryinterconnectedby several privateandshared
busses.Theexampleusedin thiswork is basedonaTermaradarsystemmemoryinter-
facecasestudyfrom theIST AMETIST project[1].

Moregeneralapplicationdomainof thiswork is targetedatabstractionandanalysis
methodsthatenableto extractschedulingproblemsfrom anattributedcomponentmod-
els.An overview of thecomponentmodelof thememoryinterfaceboardis givenin Fig.
1. Thepurposeof theboardis to performcomputationson thestreamsA andB using
previousvaluesin thestreamsandpreviousvaluesof computationson thestreams.The
requirementfor correctoperationof thesystemis thatnoneof thebuffersnor registers
shouldneitherbestarvednorover�owed.

Thesolutiondescribedin thispaperdiffersfrom thesolutiondescribedin [2] in the
following aspects:

– The solution presentedin [2] involvesusingSMV [3]; the currentsolution uses
Uppaal[4] asthemodelchecker;

– In [2] the schedulefor the exampleis reachedusing a parameterizedmodel as
modelcheckingthefull systemwasinfeasibledueto statespaceexplosion.In the
currentapproach,theUppaalmodelof thecomponentsystemcontainsabstractions
thatenablethescheduleto besynthesizedfor thewholesystem.

The currentsolutionbuilds on Uppaalasan explicit statemodelchecker andex-
ploits bit-statehashingasthemodelchecker providedmemoryconsumptionreduction
techniquefor �nding schedules.Clocksareusedfor boundingthedepthof thesearch.
The main characteristicsof thesystemmodelledin termsof Uppaalautomataarethe
following:

– Thestateof thebuffersandregistersis representedby integers.
– To modelsynchronicity, all variablesrepresentingbuffersandregistersareupdated

on onetransitiondiscardinga greatdealof interleavingsthatareirrelevant in this
context. Thereis a separatevariablerepresentingthebehaviour of thearbiterthat
controlswhich registercanaccessmemoryat a time.

– Thegranularityof timeticks is alignedwith thedurationof a transferon theshared
bus. The buffers and registersare updatedby relevant multiples of bytesat the
beginningof eachsuchabstracttick.



Fig.1. Radarmemoryinterfaceboard

– The scheduleis found usinga E� queryand relevant parametersto the Uppaal
backendverifyta.

Theexistenceof a solutionto this problemunderfurther restrictionson resources
yieldsoptimisationasaby-productof formalanalysis.Thecontributionof thework is a
wayto partitiontheprobleminto independentsubproblemsthatenableto abstractaway
detailsthatareirrelevantwith respectto theconcurrency issuewhile still guaranteeing
correctbehaviour in theconcretesystem.
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Abstract

By using Bayesian networks we give a system description of a

behavior and welfare sensory 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 possiblepotentials 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 severalyears
automationin pig productionhasbeendevelopedand
deployed. The current control systemsact asclimate
controllersand is assuchunaware of the welfare and
behavior of the pigs. A climate control systemsuses
temperatureandhumidity to measurethe climateand
usesair fans and air intake valvesas actuators. Fur-
thermore, heatingandwatersprayingmechanismscan
alsobe deployed as actuators in pig barns.

As stated earlier the farmer is still very much in-
volved in the production of the pigs sincehe has to
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 livestock to administer.

To aid the farmer, the notion of a welfare loop is
developed. This consistsof a sensory system that
can produceinformation on the current behavior and

welfare of the pigs. Along with the sensory system
a welfare controller is neededsuchthat there can be
actuatedaccordingly to the resultsof the sensory sys-
tem. The objectiveis that the farmer can leavesome
or all of the welfare control, to the welfare controller
and sensory system. This enablesthe farmer to con-
centrateof the higherorder pig production cycle.

We are concernedabout the developmentof intel-
ligent sensor networks systemssuchthat the welfare
loop candevelopedandclosed.The primary goalis to
developan estimateof the pigs behavior given a set
of sensory inputs. In the remainderof this abstract
we presentan outline for representingthe systemand
expandingthe systemmodel with the requiredin
u-
enceof past events. We then give pointers to which
e�cient and compactdata structureswe plan to use
in an implementationand why we believetheserep-
resentationsto be feasible.

2 Representing the Welfare
Loop

A basicclimate and welfare control loop is presented
in Figure1, 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, has two inputs, namely Un

the currentactuationandX n the current state of the
barn climate and pig welfare. As an output of this is
X n +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 has the output variable Yn , which is
the current set of sensor measurements.The sensor

1



A

Z � 1

X n

CX n +1

Zn � 1

Yn

D
Yn +1

B

On

Un

Figure1: SystemBlok Diagram

measurementsis fed into the controller, represented
asbox D. The controllerstarts a newactuationcycle
basedon the sensor measurementsand outputs a set
of actuator signalsdenotedas On . The �nal step in
the loop is the actual actuation representedby the
box B and the output is the new actuation levels.

Giventhat we annotatethis systemwith probabilis-
tic dependencieswe get the following expressions:

PA (X n jX n � 1; Un )

PB (Un jOn )

PC (Yn jX n )

PD (On jYn )

(1)

What can been seenfrom the equationsin List-
ing (1), is that we have given a description very
similar to Bayesian network [1]. Listing (1) is an
expressionfor how we see sets of discrete random
variables being related, e.g. could X be X =
(Temperatur e;H umidity ; P igStr ess). Specifying
Bayesian networks is a delicate task, since it in-
corporates speci�c 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(P igStr essjTemp;H um) or just the simultaneous
probability distribution P(PigStr ess;Temp;H um).
It ismostcertainlypossibleto constructBayesianNet-
works for climate/welfare loop model, but the cor-
rectnessof the model has to determinedwith aid of
domainexperts.

We still needto account for the dynamicparts of
the model, whichbasicallygivesusa Partially observ-
able Markov DecisionProcess[1]. This can givesus
severalproblemsof intractability if we have to con-
siderall past state con�gurations, this is alsoshown
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 techniquesused in Bayesiannetworks for
updating probabilities,suchasJunctionTrees[5], are
e�cient but canbe rathermemory andprocessor con-
suming. Other classesof algorithms suchas anytime
algorithms partially solvessomeof problems,but at
the cost of precision.The main issuehere,is that we
intend to useour knowledgeof the systemmodel to
build a speci�c probability updating function for the
dynamicsof the system.

The simultaneous probability distribution
P(X n ; Un ; On ; Yn j : : :) where we say : : : repre-
sent all prior state con�gurations, describes the
probability of all statesgiven the past state con�gu-
rations. If we can compute this 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 say that we haveevidenceon 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(X n ; Un ; On ; Yn j : : :) such that we can seewhich
calculationswe must perform for eachtime step. We
denotethe entire state spaceasa matrix A, this rep-
resentsthe distribution P(X n ; Un ; On ; Yn ) and time
step n = 0. To calculatethe next time step we say
that the current probability of all states is the vec-
tor P, such that we can calculateP n +1 as P n +1 =
An +1 � Pn . The last thing neededis to show how we
intend to calculateAn +1 , this is shown as Equation
(2).

An +1 =
X

un 2 U

P(X n +1 jX n ; Ui )�

P(Un jX n ; On ) � P(Oi jyi ) � P(Yi jX i )
(2)

This calculation may look daunting, however recall
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that severalof the variablesare know i.e. we have
evidenceon them. With the marginalization of U
the expressionis rather small compared to what we
started with.

With the system update function described as a
vector/matrix multiplication we needto considerhow
to perform the matrix/vector multiplicatione�ciently .
For this we considertwo well known methods for rep-
resentingmatricese�ciently . The methods we con-
sider here are Probabilistic DecisionGraphs[4] and
Multi Terminal Binary DecisionDiagrams[6]. Both
of thesemethods rely on the matricesrepresentedare
sparse. It is di�cult to be preciseabout how suc-
cessfull thee two methods 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 behavior, 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
sparse. The onlyproblemis that weexpect the pigsto
changebehavior abruptly, if exposedto suddenstress.
We can describe the climate systemas a set of dif-
ferential equations,it is in fact this descriptionthe
climatecontrolleruses.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
changesin the climate state, so within the maximum
changerate of the climate systemthe rest of the cli-
mate staespaceshouldbe sparse.

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

4 Results

BayesianNetwork modelshasbeendevelopedandare
currently in the state of being revisedthrough inter-
action with domainexperts from Skov A/S [3]. Most
of the connectingprobability theory is in placeand is
ready to be implemented. The Bayesianmodels we
have developed are made with the decisionsupport
tool Hugin [2]. We use Hugin to build the starting
probabilitiesof A, which givesus a practical way for
specifyingand doing small tests to obtain better cor-
rectnessof the probabilitiesused.

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

5 Future Work

We havenot touchedupon how we actually intent do
perform decisionmakingbasedon the probabilitiesfor
eachtime step. Our goal is to includesomeform of
utilit y support in the structureaswell, 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
incorporated must be consideredfurther.

There are severalother issuesthat needto be re-
solvedbefore we canstart doinganyrealworld testing
of the proposedsystem. More sophisticatedsensor
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 sensor net-
work is to be developed. We have to considerhow
we can integrate smoothly into alreadyexisting sys-
tems and �nd suitablehardware platforms to deploy
the systemon.
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Introductio n 

We consider finite connected undirected graphs as a model for computer networks. 
The nodes of such a graph represent the computers, while the edges stand for the 
communication links. The nodes may have unique labels called identities (ordered or 
not). Otherwise the network/graph is called anonymous. 

In anonymous networks certain problems have no solution if we use local methods, 
the example of such a problem is election, i.e. the process of establishing a ‘centre’ 
(or a ‘l eader’ ) node in a network. 

In this paper we present a non-global model of computations that makes possible 
the solution to the election problem in an anonymous network. We also prove that the 
model has the computational power of global approach while maintaining advantages 
of the local methodology (e.g. possibility of distribution of the computation). We call 
the model ‘semi-local’. 

The problem and related results 

In [1], D. Angluin presented a model of local computations, in which the processors 
with the same number of communication ports are regarded identical. The 
computation starts with setting some uniform initial state for all the processors in the 
network and after that, the processors execute the same protocol, whose behaviour 
depends on their states and the number of neighbours (i.e. used communication ports). 
The author has investigated limitations of such a model and found a connection 
between the notion of covering (known from topological graph theory) and the 
limitations of the model defined. Besides, the author distinguished a class of networks 
called ‘centered’, which is of our particular interest. 

The ‘centered’  network has exactly one processor, which is called a ‘centre’ or a 
‘leader’ and the process of transforming a network to ‘centred’. The election problem 
is particularly interesting due to the following facts: 
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���� the power of local computations in networks with a distinguished leader is the 
same as the power of global protocols, 

���� the election task is conceptually simpler than its equivalent problems (e.g. 
enumeration or finding a spanning tree), 

���� no universal solution to the problem exists for the general case of anonymous 
graph of unknown structure (using local computations). 

Several specific solutions to the election problem already exist. The interested reader 
is referred to [2] and [10]. 

One group of protocols uses randomisation - as in [3]. Another group bases on the 
assumption that the network’s nodes have unique and linearly ordered identities. 

Al l the solutions for anonymous networks assume specific structure of the network 
and include protocols for complete graphs and trees [1], graphs called mosaics [6] and 
covering-minimal graphs with a priori known size [7, 8].  

Generally, all solutions (that do not use randomization) use some global knowledge 
about the graph (e.g. unique comparable identities, size, specific structure). Thus, they 
can be seen as transferring one kind of global knowledge to another by local means. 
We are interested in a purely local solution that uses no global knowledge at all. 

The authors of [4] characterize the famili es of graphs, in which the distributed 
election is possible. This work seems to end any further discussion and close all 
possibilities of further research. According to the authors some global knowledge is 
essential. However, the question arises whether it is possible to modify the local 
model so that the solution to election is possible and the main advantages of local 
methodology are preserved. 

Our contribution 

The local computations have three main properties: (1) they change only labeling, not 
the graph itself, the labels are changed (2) only in locality regions (connected 
subgraphs) of fixed size2, and (3) only using information stored in the regions. 

Breaking some of the above postulates leads to a nontrivial extension of the power 
of computation [11, 12], yet the main advantages of local computations are lost easily. 
In this paper we come up with an extension which seems to be a good compromise 
between advantages of locality and the power of computation. 

In our model we preserve (1) and (3), but we give up the requirement for a locality 
region to be a subgraph of fixed size. The rationale follows below. 

While considering the distributed computations, we generally do not object to the 
approximation of global knowledge being gathered by local means – by merging and 
spreading the knowledge stored in the locality regions (on the contrary – this is the 
goal or side-effect of many distributed algorithms). On the other hand, the locality 
regions themselves are fixed during the run of any protocol. Once used and 
recognised, the locality regions remain separated after each step and their structure 
stays unknown to the regions nearby. We might notice that at the end of each step the 
knowledge about the structure of underlying locality region is cleared and ignored 

                                                           
2 by ‘size’ we mean number of nodes, diameter or radius of the subgraph, 



while other knowledge is preserved and used in the next steps. The reasons of this 
duality are not clear.  

Typical locality regions are balls of radius 1 (a node with its neighbours). Our 
intuition is that in addition to performing a step of some protocol, a node draws 
forward links between neighbours, thus merges its surrounding balls into one. The 
process still conforms to the intuition of a local computation – the algorithm starts 
with balls of radius 1 as local units and the merging steps act locally, too. 

Using this methodology we present a semi-local election algorithm and prove its 
properties, presented in the form of the following propositions: 

Lemma 1. The number of steps of our algorithm is bounded by n3, where n is the 
number of nodes in the graph. 

Theorem 1. The algorithm is correct, i.e. it solves the election problem. 

We also get a more general result: 

Theorem 2. every (global) relabelling transformation (or algorithm in general) can be 
simulated by means of semi-local computations. 

By global relabelling transformations we mean the ones that are not required to satisfy 
postulates (2) or (3). 
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In tro du ction

Program veri� cation techniquesprovide a meansto guarantee that sourcecode programsare correct with
respect to a formal speci� cation, and have been used extensively for showing functional or behavioral
propert ies of programs. Furt hermore,program veri�cation environments, based on automated or interac-
tiv e theorem provers, have been developed to aid the developer in verifying the program correctness.

However, the bene�t s 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-carryi ng code (PCC) architecture [1] in which:

{ the code producer writes a program A, and annotates it with speci� cation S, and then builds a proof
P that A abidesby S using an interactive veri� cation envir onment, 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 ret rieves 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 successful, executes A.

In order to establish the feasibil it y of such approach, we consider a simple imperative language and
its corresponding assembly languageand address the following points:

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

2. werelateHoarespeci� cationsof thesource languageto speci�cation sof theassembly language, and we
show that compilati on preserves provabilit y w.r.t. Hoare logic and weakest precondition . Moreover, we
show the stronger property that the relation \ P proves that A satis�es S" is preserved by compilat ion.

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 basis of a larger
project that aims at secure dynamic component update for Java-based operating systems.

For the purpose of th is paper, we adopt a simpli� cation w.r.t. Java, namely local variablesare treated
in a similar fashion at the source and assembly level. We can show, that compilati on and the weakest
precondition calculi commute up to syntactic equivalence and that both the compilatio n of proofs and
speci�cation s is identit y.

In the rest of this extended abstr act, we will concentr ate more thoroughly on describing the weakest
precondition calculus for a low level language.

Related work Our work is most closely related to the work of G. Necula and P. Lee on proof-carryi ng
code, see e.g. [1], but intends to go beyond the veri�cation of safety properties by relying on functional
speci�cation s and interactiv e veri �cation at the source code level. Also closely related to our work is the
work of X. Rival [2] that uses abstract interpretation techniques to infer invariants at the source level
and compile these invariants for the target level.

Furt hermore, there have been a number of studies of programming logics for low-level languages.
In particul ar, C. Quigley [3] has recentl y proposed a Hoare-like logic for a fragment of the JVM and
N. Benton [5] has recently proposeda typed logic for a stack-based assembly language. However, their
work does not consider weakest preconditio n calculi, nor the relat ionship between programming logicsat
the source code languagewith programming logics at the assembly language.



The weakest pr econdi tion calculus for assembly language

The simple assembly languageused in th is study includes basic operations to manipulate the stack, as
well as conditi onal and unconditi onal jumps. The set of inst ructions is de�n ed as follows:

i ::= prim op primitiv e binary operation
j push n push n on stack
j load x load value of x on stack
j store x store top of stack in x
j if l conditional jump to program point l
j goto l unconditional jump to program point l
j return end of program

where op is a primiti ve arithmetic operat ion + ; � ; � ; : : :, comparison operation <; � ; = ; : : : or logical
operation (all considered asarithmetic operations), and x ranges over a set X of variable names,n ranges
over Z and l ranges over N.

The assertion language used for annotatin g assembly programs is a standard �rst order language,
with the notable di� erencebeing in arith metic expressions, where two special variables stack and top
are intro duced 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 as an array used for the abstract representation
of the operand stack. Thus we can refer to the topmost element of the stack via stack(top), to the second
element in the stack via stack(top � 1) etc. The set of arithmet ic expressions is de� ned inductively as
follows:

se ::= top j se� 1
a ::= n j x j a1 op a2 j top j stack(se)

The assertion languageis de� ned inductively as follows:

P; Q ::= a1 bopa2 j true j false j P _ Q j P ) Q j P ^ Q j : P j 9x:P j 8x:P

where bopis a comparison operation.

The calculus. The main obstacle in de�n ing the weakest precondition calculus for the assembly language
is the unstr ucturedness of code due to jumps. Here, it is addressed by divi ding the code into a set of blocks
(a block being a sequence of assembly instr uctions), where each block ends with a jump inst ruction, and
the rest of the block (a sub-block) contains no jump instruct ions. As jump instructi ons we considerboth
if l and goto l , but also instruct ions directly followed by an instruction with label l (i.e. the target of
an if l or goto l). For simplicit y, we consider the lat ter caseas if there was an extra goto instr uction
leading to that label in the end of the block.

This way, a program can be de� ned as a sequenceof blocks, with a predecessor relation de� ning an
order on them. In casethere are circular references between blocks, loop triples of the program can be
calculated, each trip le consti tuti ng of a loop conditional, a loop body and a loop predecessor (a block
leading to the loop conditional). An invariant has to be associated with each loop condition al (seesecti on
Compilat ion). Thi s context information will be used when calculatin g the weakest precondition of a
program.

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

In the following, we will use b0 to denote the sub-block of block b. P[a1  a2] will denote the
substitution of all occurrences of a1 in P by a2. The weakest precondition wps of sub-block b0 with
respect to postcondition ' is de�ned as follows.

wps(b0
1; b0

2; ' ) = wps(b0
1; wps(b0

2; ' ))

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�n e the calculus for blocks. Taking post as the
postcondition of the program and bi the i -th block of the program we calculate the weakest preconditi on
' i of the block bi in the following way.

If the last instructi on of bi is

{ return , then
' i = wps(b0

i ; post)
{ goto l , then

' i = wps(b0
i ; ' i;l )

{ if l , then
' i = wps(b0

i ; stack(top) 6= 0 ) ' i;i +1 [top  top � 1] ^ stack(top) = 0 ) ' i;l [top  top � 1]))

where

1. ' i;l = I , if bl is a loop condit ional and bi is the loop body
2. ' i;l = I ^ (I ) ' l ), if bl is a loop conditional and bi is its loop predecessor.
3. ' i;l = ' l otherwise.

Looking at theabovecases: the � rst caseimpli es calculating the weakest precondit ion of the loop body.
In the second case, the weakest preconditi on of the whole loop is constr ucted { the invariant together
with the proof obligations. It is analogous to the weakest precondition of a loop in a higher level language:
for a while loop with body c, conditi onal b and post-condition p, the proof obligations are I ^ : b ) p
and I ^ b ) wp(c; I ).

The weakest precondition for a sequenceof blocks is de�ned by

wp(b1; b2; post) = wp(b1; wp(b2; ' )) :

Compilation It is tri vial to show that compilati on preserves provabilit y of Hoare trip les, under the
assumption that compilation preserves operat ional semantics. Likewise, it is easy to see that weakest
precondition calculi coincide up to logical equivalence. Unfort unately, logical equivalenceis too weak if
we intend to useproofs produced at source code level for checking speci�cation s at the level of compiled
programs. When considering a non-optimiz ing compiler, we can show that compilation and the weakest
precondition calculi commute up to syntactic equivalence and that both the compilation of proofs and
speci�cations is identit y, meaning that the pre- and post-condition s and invariants can be copiedverbatim
to the assembly code.

Con clusions

We have developed a programming logic and a weakest precondition calculus for a simple assembly
languageand shown that under mild assumptions compilati on preservesweakest precondition calculi and
provabili ty of Hoare-tr iples.

These results 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 set ting up th is architecture to Java, using JML
as the speci� cation languagefor Java and the programming envir onment Jack [4] for computin g weakest
precondition calculi. The work includes de� ning extensions for class �les that accommodate compiled
JML annotations. In parallel, we have begun investi gating the use of such framework for secure dynamic
updates in the context of t rusted personaldevicesthat feature Java Vi rtual 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
several inverseprogramsproducedby our implementation. There are many com-
putational problems that are inverseto each other, even though we often do not
considerthem from this perspective. Perhapsthe most common exampleof two
programs that are inverseto each other is the encoding and decoding of data:

code

text text

�
�

�

encoder decoder

Two inverseprograms

Usually, both of the encoder and the decoder are written by hand with the
familiar problem of ensuringtheir correctnessand maintaining their consistency.
Why write two programs, if it su�ces 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 new inverse
program if there are changesin the original program.

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

A program inverter is a program transformer similar to a translator, but in-
steadof producing a target program that is functionally equivalent to the source
program, a program inverter producesa program that is inverse to the source

� Part of this research is supported by JSPS.
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program. Inversion is a fundamental concept in Mathematics, Science,and En-
gineering,but has found little attention in Computer Scienceeven though many
algorithmic problems are inverse to each other, such as printing and parsing,
compilation and decompilation, and encoding and decoding data.

��
�� xpŠ 1

yp

inv

Program inverter: generating an inverseprogram

In this paper, we describe the construction principles for automatic program
inverters which we identi“ed in our previousworks [2,3]. They include the design
of an •atomic language•,local inversionby backward reading a program, and the
elimination of nondeterminism, if possible.

There are di�eren t choices when designing a program inverter, which also
means they can di�er in their inversion power. The most promising approach
which we identi“ed for the elimination of nondeterminism is 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]. Thesemethods all follow the sameconstruction
principles, but di�er in the power of the eliminating nondeterminism.Our current
implementation 1 is basedon LR(0) parsing. We will usethis implementation for
the examplesin this paper. The examplesbelong to di�eren t application area,
including encoding and decoding, printing and parsing, and data conversion.

This full paper intro ducesthe main conceptsfor program inversion in more
detail, presents three construction principles for building a program inverter,
shows inverseprograms produced by our implementation, and discussesrelated
work which started in the late seventies in the works of Dijkstra [1] and Gries [4].
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KnowledgeandBelief

Jūrat �e Sakalauskait �e
Institute of Mathematicsand Informatics

Akademijos4,2600Vilnius, Lith uania
email: jurates@ktl.mii.lt

In this paper we consider two temporal logics: a temporal logic of com-
mon knowledgeand a temporal logic of common belief. Theselogicsinvolve
the discrete t ime linear temporal logic operators ”next” and unt il””. In ad-
dition, they contain an indexed set of unary modal operators that allow us
to represent the information possessedby a group of agents. In the temporal
logic of commonknowledgetheseoperators satisfy analoguesof the axiomsof
the modal systemS5 ([2]), which is widely recognizedas a logic of idealized
knowledge[4]. In the temporal logic of commonbelief theseoperatorssatisfy
analoguesof the axioms of the modal system KD 45, which is widely recog-
nized asa logic of idealizedbelief. In the � rst logic there is alsoan operator
for commonknowledgeof the group of all agents. In the secondlogic there
is an operator of commonbelief of the group of all agents. An interpretation
of theselogicsis basedon the sequencesof statesof the distributed systems.

For theselogics we present sequent calculi with a restricted cut rule.
Thus, we get proof systems where proof-search becomesdecidable. This
calculus lays the basis for automatic theoremproving for these logics. We
prove soundnessand completenesstheoremsfor theselogics.

We ment ion some related works. In [6] a Hilbert-style axiomatic system
for the temporal logic of common knowledgeis presented and completeness
of the system is proved. The temporal logic of knowledgewithout common
knowledgeoperator is consideredin [7], [3]. In [7] a tableaubaseddecision
procedure is presented for the consideredlogic. In [3] a resolution-based
proof system is presented which is shown to be correct. The logic of common
knowledgewithout temporal operators is consideredin [1], where complete
Tait-style sequent calculus with restricted cut rule for the logic is presented.
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.g. [4]). For example,in distributed systemstheory, they are usedfor
the speci�cation and veri�cation of knowledge-basedprotocols [5].
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