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Preface
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Jüraté Sakalauskaité . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

vi



vii



The size-change approach to

program termination analysis

Neil D. Jones

DIKU, University of Copenhagen

Abstract

The “size-change termination” principle for a language with well-found-
ed data is: a program terminates on all inputs if every infinite call sequence
(following program control flow) would cause an infinite 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 based only on local approximations to parame-
ter size changes derivable from program syntax. The condition on tracing
data flow along infinite call sequences turns out to be decidable, and not
difficult to automate. There is no need for human invention, e.g., of lexi-
cographic or similar orders on data and functions.

First developed for first-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.
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Memory Usage Estimation for Java Cards

Gerardo Schneider
�

IRISA/CNRS, Campus de Beaulieu F-35042 Rennes, France�
gerardo@irisa.fr �

1 Introduction

Embedded systems, i.e. special-purpose computer systems built into larger devices, are widespread
and can be found in simple gadgets like coffee machines and in more complex ones like mobile
phones and smart cards. Programmable smart cards are small personal devices provided with a mi-
croprocessor capable of manipulating confidential data, allowing the owner of the card to have se-
cure access to chosen applications. Applications, called applets, can be downloaded and executed
in these small communicating devices, raising major security issues. Indeed, without appropriate
security measures, a malicious applet could be installed in smart cards destroying data, disclosing
private information over the network or performing non-authorised credit card transactions.

The massive use of such small communicating devices is imminent. Hence, it is essential that
their platforms, as well as the applets that will run on them, can provide some minimal security
guarantee in order to preserve confidentiality, integrity and availability of information. To guaran-
tee availability of the services offered by small devices the management and control of resources
(e.g. memory) is a crucial issue, mainly due to their limitation on size.

Concerning memory management on Java smart cards, we quote Chen: ”Because memory in a
smart card is very scarce, neither persistent nor transient objects should be created willy-nilly” [3,
Section 4.4]. Chapter 13 of the same book provides programming tips on how to optimise applet
creation considering the memory limitations. Here are some of the recommendations for applet
programmers related to our work: ”You should also limit nested method invocations, which could
easily lead to stack overflow. In particular, applets should not use recursive calls.” ([3, Section
13.3]). Later, on Section 13.4, it says: ”An applet should always check that an object is created
only once”. Even though the above tips are followed by industry when programming applets and
are in general respected, mistakes regarding memory usage –like the creation of an object inside
a loop– both accidentally or intentionally, may have non-desirable consequences. In fact, there
is nothing in the standards which prevents a(n) (intentionally) badly written applet to allocate all
persistent memory on a card. Hence, the detection of recursive methods and loops in byte codes
for embedded systems (smart cards in particular) is a crucial issue to take into account.

As far as we are aware there is no available tool for detecting the dynamic creation of ob-
jects inside cycles and/or recursive functions for Java smart cards. The byte code verifier [4],
for instance, does not verify properties related to memory usage. There are, undoubtedly, many
ways of writing algorithms for detecting syntactic loops, mutually recursive methods and over-
approximating the dynamic memory used for an assembler-like language. In this work, however,
we propose a constraint-based algorithm, presented as a set of rules –one for each instruction– for
solving the above-mentioned memory-related concerns. The formalism chosen was not governed
by mere aesthetic reasons: it is compositional and it allows to obtain a certified analyser using the
program-as-proof paradigm (i.e., following the Curry-Howard isomorphism) to extract a program
directly from the proof of its correctness. One feature of our algorithm is that it works directly
�

Partially supported by the RNTL French project, CASTLES (Conception d’Analyses Statiques et de Tests pour le
Logiciel Embarqué Sécurisé).
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on the byte code and there is no need to build extra data structures (e.g., a control-flow graph).
Moreover, the byte code considered is arbitrary, i.e. we do not have any assumption about the byte
code being produced by a ”good” compiler. Our approach includes both intra- and inter-procedural
analysis. Furthermore, the formalism used is compatible with existing works done at IRISA [2],
which will allow to reuse the constraint solver, the fix-point algorithm and some of the lattice
libraries ”implemented” in Coq [7].

The language being considered is JCVMLe [8], a byte code language that models the Java
Card Virtual Machine Language. It manipulates (dynamic) objects and arrays and besides the
usual stack and register operations it comprises interesting features like virtual method calls, (mu-
tually) recursive methods, (un)conditional jumps and subroutines. We assume there is no garbage
collector, which is the case for Java Card upto version 2.1. Starting with Java Card 2.2 the machine
includes a garbage collector which may be activated invoking an API function at the end of the
execution of the applet, not during execution.

Our technique lies within the scope of static analysis [6], which analyses some run-time prop-
erties of a program without executing it. The implementation of static analysis is generally based
on the solution of constraints through the computation of fix-points.

2 A constraint-based algorithm

Given a program � , we associate a set of constraints to each program instruction (applying rules
like the ones shown in Fig. 1). Essentially, our algorithm add program points ���	��

��� to a certain
context � for each instruction ���	��

�����������	� , if it is not in a loop nor in a mutually recursive
method. If such instruction is inside a cycle and/or a (mutually) recursive method, then �������! #" $&%�'
is added to � instead.

The least solution to the set of constraints associated to � is obtained by computing the least
fix-point of a certain functional ( arising from such set. By a corollary of Tarski’s Fixed Point
theorem, the solution may be obtained as the limit of the stabilising sequence �)(+*,�.-/�0� *2143 .

Because of lack of space we only present in this abstract some of the rules of our main algo-
rithm and we explain only the first rule (see Fig. 1). If the current instruction at program counter


� in method � is �����5� , and the instruction is inside a loop (detected by the predicate 68797&
 ) or a
(mutually) recursive method (predicate :#;<� ) then the rule propagates the warning type �������! #" $&%�'
to �5���	��
=�#>@?A� . Thus, at program point ���	��
=�#>B?A� , � will contain at least everything it had at
���	��

�C� , plus �/�D� �E F" $G%�' . The content of � is thus ”propagated” by the constraints associated to
each instruction, as defined by each rule. The rules for H4�
I=J�K��LI�HCM2NLOQP2R and subroutine calls are
similar to the HA�=I=J�K��LS
�2T�H4�,HCN=� ; for any other instruction, �5���	��
=�U�WVX�Y���	��

�Z>[?A� .

We have defined, in a similar way, rules for computing the predicate 6\797G
 –which detects
intra-procedural cycles and instructions reachable from such cycles through method calls– and
:#;]� , which computes all the mutually recursive methods. In fact, the technical difficulties are
mainly presented in the computation of these last two predicates. In particular, detecting loops in a
byte code program is more difficult than in a high-level language like Java, mainly due to the lack
of structure, allowing jumps from (and to) the middle of a cycle.

3 Final Discussion

Besides the advantages mentioned in the introduction, the modularity of our algorithm allows the
analyser itself, as well as the predicates 6\797G
 and :#;<� , to be reused by other constraint-based
analysers as predicates (programs) which have been proved correct.

2
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^`_ba)cAd0e,fGg9hGikj lnm0moc�^`_pa)cAd0eLqsr8t.du^`_pa)cAd]ev ^`_pa)cAd0eLw�xuy{z4|{}�~D� �.������� v ^`_ba�cAdQ���]e ^`_ba)cAd]e,fGg9hGikj ��lnm0moc=^`_pa)cAd]e2����r\t�du^`_ba�cAd0ev ^`_pa�cAd]eLw�x�^`_pa)cAd]e��{� v ^`_pa�cAd����0e
^`_pa)cAd0e�f9�<�����9�<�9��cAd��v ^`_ba�cAd]e�� v ^`_ba�cAdQ���]ev ^`_ba�cAd]e�� v ^`_ba�cAd � e

^`_ba)cAd�e�f9�]g��9�0�Ah&��h&�9�]g4�<��h�_ �v ^`_ba�cAd0e�� v ^`_ � a��0ev ^`_ � a.¡�¢�£¤~�¥�e,� v ^`_pa�cAdQ���0e
^`_ba)cAd]e,fG¦�h&�&§u¦&gv ^`_ba�cAd]e�� v ^`_ba�¡�¢�£ ~ e ^`_pa�cAd]e,fu�9�<�9��cAd��v ^`_pa�cAd]e,� v ^`_pa)cAd � e

Fig. 1. Rules of the main algorithm

Current Work. We have proved the termination of the main algorithm and of the two predicates¨8©9©&ª
and «F¬]­ . To prove termination, we have defined (finite) lattices defined on the range of the

program counter numbers and method names. We are currently working on a hand-written proof
of soundness w.r.t. to an abstraction of the operational semantics.
Future Work. Our approach allows the rules to be fed into the proof assistant Coq [1]. We intend
to prove the correctness of our algorithm in the constructive logic of Coq and to use its extraction
mechanism to automatically obtain a certified analyser. Besides its application on smart cards, we
believe we can apply our analyser to mobile phone technology, where the detection of loops and
recursive methods in applets is crucial, to avoid for instance the saturation of communication by
sending SMS’ indiscriminately.
Related Work. Our approach is inspired by the work in [2] where the technique sketched here has
been applied with success for extracting a data flow analyser for Java card byte code programs.
Even though the motivations and the techniques are not the same, it is worth mentioning the work
done in the Mobile Resource Guarantees project [5], which applies ideas from proof-carrying code
for solving the problem of resource certification for mobile code,
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STAGE-PRESERVING EMBEDDINGS OF LANGUAGES

TODD L. VELDHUIZEN, CHALMERS INSTITUTE OF TECHNOLOGY

Embeddings of languages into one another are useful in studying their relative
power and, sometimes, finding languages that are universal in some sense. Exam-
ples include Turing-reducibility for studying computability, poly-time reductions
for subrecursive languages [14], and structure-preserving embeddings for expressive-
ness [4, 5, 13, 12]. To further a search for languages suitable for “domain-specific
embedded languages” and “active libraries,” [7, 3] we propose stage-preserving em-
beddings as a tool to study languages in which some evaluation or simplification
is guaranteed to take place at compile-time. Such guarantees can be wielded to
realize domain-specific optimizations. We prove sufficient conditions for a language
to be “stage-universal,” in the sense that there is a stage-preserving embedding of
any staged language into it.

Assume a class of languages that are all being compiled to the same implemen-
tation language LM — the subscript M here standing for machine. A compiler
for some source language LA is a partial map φA : LA ⇀ LM ; partial because for
many interesting staged languages (e.g., C++, MetaML [15]) the compiler may not
terminate. To speak of embeddings being semantics-preserving, we stipulate an
equivalence ∼ capturing some appropriate behavioural notion of program equiva-
lence; the details are unimportant.

Definition 1. An embedding e : LA → Lu is a total, decidable function that is
semantics-preserving: φA(p) ∼ φu(ep) for all p ∈ LA.

The typical scenario we consider is illustrated by this diagram:

LA

φA

��
66

66
66

66
6

e
// Lu

φu

��		
		

		
		

	

LM

We have two languages LA and Lu, compilers φA and φu for them, and we consider
an embedding e : LA → Lu. We ask ask when embeddings that preserve properties
of interest (semantics, staging, safety) exist. The scenario of special interest is when
Lu is some language purporting to be ‘universal.’

0.1. The kernel of a compiler. We use staging to address compile-time compu-
tations (cf. [10, 8, 15]). We are interested in embeddings that are stage-preserving:
if a computation occurs at compile time in language LA, then it occurs at compile
time in language Lu. This can be conveniently addressed using the kernel of the
compiler. Recall that the kernel of a map φ is:

ker(φ) = {(p1, p2) | φ(p1) = φ(p2)}

1

 5 / 114



2 TODD L. VELDHUIZEN, CHALMERS INSTITUTE OF TECHNOLOGY

The kernel is an equivalence relation on programs; every program in an equivalence
class is compiled to the same program. Kernels capture staging: for example, a
language whose compile-time evaluations are defined by a rewrite relation → must
satisfy →⊆ ker(φ), where φ is its compiler.

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

Definition 2. An embedding e : LA → Lu is stage-preserving when it satisfies
(p1, p2) ∈ ker(φA) ⇒ (ep1, ep2) ∈ ker(φu).

The kernel of a compiler gives us a measure of its staging power, that is, its ability
to perform computations at compile time. If one language has greater staging power
than another, then it can subsume more languages with staging capabilities. Defn. 2
effectively says: to increase the staging power of a language, make its kernel larger.
But at what point is a kernel “big enough” to subsume any staged language?

Let us write LA ≤S LB to mean there exists a stage-preserving embedding
e : LA → LB . The relation ≤S is a preorder. The obvious question is whether
there might exist maximal elements; we call such languages stage-universal.

Definition 3. A language is stage-universal when there is a stage-preserving em-
bedding of any other language into it.

The term stage-complete would do equally well. The usual notion of Turing- or
Σ0

1-completeness can be used to give necessary conditions for such languages. We
stipulate that all languages and compilers under discussion are Σ0

1, i.e. computably
enumerable under suitable coding. We make the standard assumption that there
is an effective coding p·q of the languages LA, LM as terms of Lu (e.g., [2, 1]). If
p ∈ LA is a program then ppq may be thought of as a representation of p by its parse
tree, as a string of characters, or (more traditionally) a very large natural number;
the particulars do not matter so long as the encoding is unique and computable.
We will moreover assume that Lu permits the construction of functions over codes
(e.g., parse trees) sufficient to realize (for example) interpreters, and will write F (c)
to mean the application of such a function F to a code c.

It is useful to distinguish between functions implemented in Lu, 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].

Definition 4. An interpreter for the machine language LM in the language Lu

is a program IM [·] such that for every machine-language program pm ∈ LM , the
interpreted version of pm is equivalent to pm:

φu(IM [ppmq]) ∼ pm

That is, if we take some machine-language program pm and ‘code’ it as (for example)
a syntax tree ppmq and give it to the interpreter IM , then IM running ppmq behaves
the same way as the program pm. The existence of such an interpreter ensures that
the language Lu does not lose basic capabilities of the language LM , such as the

1The kernel is related to, but different from, binding-time specifications (cf. [8, 9]): the kernel

indicates which programs will compile to the same target program, whereas binding-times indicate

which terms are replaceable by constants. These two ideas coincide in some situations, e.g., when
programs are terms, the compilation map is compositional, and only partial evaluation is taking
place.
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STAGE-PRESERVING EMBEDDINGS OF LANGUAGES 3

ability to interact with the operating system and so forth. 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 φu is
onto the equivalence classes Lu/ ∼ giving the possible behaviours (e.g., [11]) of
LM programs. That is, for every “machine-language” program pm ∈ LM , there
is a program pu ∈ Lu such that φu(pu) ∼ pm, i.e., pm and φu(pu) have the same
behaviour.

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

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

φu(P [F (pxq)]) = φu(P [pyq])

Or, equivalently, (P [F (pxq)], P [pyq]) ∈ ker(φu).

This means, more or less, that the partial function F is evaluated at compile time.
We now give a sufficient condition for stage-universality, inspired by ideas from

partial evaluation, in particular Jones-optimality [9] and the Futamura projections
[6]. The proof is boilerplate computability theory and partial evaluation. We rely
on the assumption (stated earlier) that compilers are Σ0

1 functions.

Theorem 1. If (1) there is an interpreter IM [·] for LM in Lu; and (2) any Σ0
1

function f is realizable in the kernel of φu, then the language Lu is stage-universal.

Proof. Pick a language and compiler LA and φA. Since φA is Σ0
1, by (2) there is

a Lu-function ΦA realizing it such that if pm = φa(pa) then φu(P [ΦA(ppaq)]) =
φu(P [ppmq]) for any program P taking a code-argument.

Consider the embedding e : LA → Lu given by:

e(pa) = IM [ΦA(ppaq)]

where IM [·] is the Lm interpreter whose existence is ensured by (1). Recall from
Defn. 2 that e is stage preserving when (p1, p2) ∈ ker(φa) ⇒ (ep1, ep2) ∈ ker(φu).
Choose p1, p2 such that (p1, p2) ∈ ker(φa). Then there is a pm such that φa(p1) =
φa(p2) = pm, and from the choice of ΦA,

φu(IM [ΦA(pp1q)]) = φu(IM [ppmq]) and

φu(IM [ΦA(pp2q)]) = φu(IM [ppmq])

Therefore φu(ep1) = φu(ep2), or (ep1, ep2) ∈ ker(φu), and the embedding e is stage-
preserving. Since such an embedding exists for any language LA, the language Lu

is stage-universal. �

The construction in the proof above is not of immediate practical use; there is no
guarantee that an interpreted program φu(IM [ΦA(ppq)]) will run anywhere near as
fast as φA(p) (cf. Jones-optimality [9]). It does, however, give sufficient conditions
for languages to be stage-universal. The construction above would be useful if φu

found programs that were ‘optimal.’ That is, if the compiler φu were to find fastest,
smallest, etc. programs, then the construction φu(IM [ΦA(ppq)]) would be practical.
Finding optimal programs is ∆0

2 hard, so this goal is not reachable. However, if we
find programs that are near to optimal, then approaches nearing the construction
of Theorem 1 might be practical. In [16] we describe a method for realizing such
compilers, via “Guaranteed Optimization,” a new compiler design technique.
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Signals and Comonads (Abstract)
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Following the seminal work of Moggi and Wadler [8, 12], it has become standard in programming
semantics and functional programming to analyse various notions of computation with side-effects
as monads. Recently, however, it has also been discussed whether there is a need for finer and more
permissive mathematical abstractions beyond monads to get a better uniform grip on the very
diverse function-like concepts one encounters in programming. Notably for our topic of interest
here, Hughes [6] has promoted arrows as an abstraction which is especially handy in programming
with signals or flows. His idea has been taken up in functional reactive 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 general comonads have not found extensive use in semantics or programming.
We claim that this 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 time.

Stream programming is about stream-transforming functions Str A → Str B where Str A =
νX.A×X ∼= Nat ⇒ A is the type of streams (i.e., infinite sequences) over a given type A. One can
either allow arbitrary stream functions or, more interestingly, only those that are causal in 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 realistic, if streams are meant to
represent signals. Both non-causal and causal stream functions are equivalent to Kleisli arrows of a
comonad. The non-causal comonad D is DA = Str A×Nat ∼= (Nat ⇒ A)×Nat ∼= NEList A×Str A

whereas the causal comonad Dc is DcA = NEList A where NEList A = µX. (1 + X) × A is the
type of non-empty (snoc-)lists 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]). This implies that for any map
e : Dc(B×A) → B factoring in the obvious canonical way through a map (1+Dc(B×A))×A → B

(a “guarded equation”) there exists a unique map s : DcA → B satisfying s = e ◦ 〈s, εA〉
† (the

“solution”), which really gives a feedback combinator. Notably, not only the potential solutions,
but also the guarded equations are arrows, so also they make good representations of causal stream
functions.

We show Haskell implementations 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
dataflow languages like Lustre and Lucid Synchrone (Lustre+ML) [5, 4] in terms of the non-causal
resp. causal comonad.
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Foundation under grant No. 5567.
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Abstract

We present an approach to model-check real-time systems by the cost-optimising
version of Uppaal. The additional features for heuristic guidance of the cost-optimising
version improve the performance in finding error traces. An important precondition for
successful heuristics are contextual information about the system. To demonstrate our
approach we introduce a mutual exclusion problem of a real-time system specified in
terms of PLC-Automata. Finding errors by model-checking the semantics in terms of
timed automata is substantially improved by heuristics guidance. Our heuristics are
derived by exploiting the contextual information that the timed automata system to be
checked represents the semantics of PLC-Automata.

1 Introduction
A main advantage of model-checking is that there is always a result, either a positive one or
a negative one together with a counter-example provided that there are sufficient resources
of time and space. In the usual verification context the positive answer is desired and to
this end a model-checker has to explore the full state space. Therefore, model-checkers
typically do not provide special features to find counter-examples fast. However, there are
other contexts in which it is desirable to find the counter-example fast:

• When a model-checker is applied to find (optimal) schedules or plans. Recent ap-
proaches of this kind are published in [BFH+01, LBB+01, DBL02]. Here, the
counter-examples found represent feasible (optimal) schedules or valid plans.

• In an abstraction refinement loop [CGJ+00, HJMS02]. Here the verification of a
complex model starts with a very coarse abstraction. Model-checking this abstraction
typically yields an abstract counter-example which is expected to be spurious. That
means it cannot be found in the concrete model. The benefit of spurious counter-
examples is that they provide information in which way the abstraction can be re-
fined. This refined abstraction is model-checked again. As long as spurious counter-
examples are the output the process is iterated. Clearly, this approach can only be
useful if the model-checker in use can provide counter-examples fast.

• When an abstract counter-example is available. If an abstraction of system has been
model-checked and the result is a counter-example, the obvious question is whether
this counter-example is spurious or not. In this case the full model is checked against
a test automaton which models the abstract counter-example such that reaching a
certain state yields a trace that describes a concrete counter-example.

∗This research was partially supported by the German Research Council (DFG) as part of the Transregional
Collaborative Research Center “Automatic Verification and Analysis of Complex Systems” (SFB/TR 14 AVACS).
See www.avacs.org for more information.
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2 CONTENTS OF THE PRESENTATION 2

We present an approach to find counter-examples faster in systems of timed automata.
To this end we use the cost-optimising version of Uppaal [BFH+01] which allows the user
to assign costs to both transitions and time. It is also possible to manipulate the search
order by heuristic functions. The main observation is that this can reduce the time needed
to find a counter-example. A precondition for such improvements is additional contextual
information about the system. This information is not exploitable in the standard version
of Uppaal because it is not expressible in the input language. The features of the cost-
optimising Uppaal allow us to add this information, which sharpens Uppaal’s focus on the
critical points in the system, viz. on traces which are likely to be error traces.

We demonstrate this approach in the context of PLC-Automata [Die99], a specification
language for distributed real-time systems. PLC-Automata have a timed automata seman-
tics. When the semantics of a PLC-Automaton is fed into the standard version of Uppaal
the model-checker does not get the information that it checks a PLC-Automaton. Hence,
it handles all transitions and automata equally weighted. The core idea of our approach is
that a model-checker benefits from guidance especially when there are criteria to investi-
gate some parts of the state space earlier than others or to prefer some transitions of the
model. For example, in the case of PLC-Automata it makes sense to avoid transitions that
change variables which are under control of the environment. This distinction between “in-
teresting” transitions and “less interesting” ones cannot not be done in the standard version
of Uppaal. Note that the role of PLC-Automata is that of a guinea pig. Each formalism that
is translated into a timed automata semantics is likely to have similar choices of interesting
and less interesting transitions. We will present two ideas how to add contextual informa-
tion of PLC-Automata by assigning costs and defining heuristic functions to sort the search
space.

Because Uppaal is optimised for reachability properties it is often necessary to con-
struct test automata that break a complex temporal property down to a reachability prob-
lem, e.g. the complex property P is satisfied iff a certain state q in the test automaton
T (P) is reachable. In our setting test automata are generated from Constraint Diagrams
[Die96, Kle00]. Again, the translation into test automata does not represent some structural
information. If the model-checker learns a bit about this structure by costs and heuristics,
the counter-examples are found significantly faster. The standard version of Uppaal cannot
be taught which automata of the current system represent test automata and which represent
the model.

2 Contents of the Presentation
In case of acceptance we will introduce briefly the notion of PLC-Automata which serves
as an example of a language that has a semantics in terms of timed automata. We will
demonstrate a set of ideas how to guide Uppaal to find error traces in erroneous systems
faster. To this end we will show that this is especially effective provided that test automata
are involved. We will also present the results for case studies ranging from toy examples
to medium size1. In most cases we found errors at least 10 times faster and sometimes
more than 100 times faster. Often the speedup cannot be computed since only the heuristic
guided version terminated successfully whereas the standard version of Uppaal exceeded
memory limits.
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Abstract. In this paper we present an algorithm to compute DBM sub-
stractions with a guaranteed minimal number of splits and disjoint DBMs
to avoid any redundance. The substraction is one of the few operations
that result in a non-convex zone, and thus, requires splitting. It is of
prime importance to reduce the number of generated DBMs in an explo-
ration loop, e.g., for reachability, because the result is propagated and
serves to compute further successors later.

1 Introduction

DBMs (difference bound matrices) [6, 4] are efficient data structure to repre-
sent clock constraints in timed automata [1]. However, some operations require
splitting, e.g. substraction or some extrapolation algorithms [2] because DBMs
can not represent non-convex zones. The resulting DBMs of a splitting are parts
of successor states that will be used to compute further successors. Reducing
splitting means to reduce the state explosion.

The new DBM library of the model-checker Uppaal
1 supports substractions

and federations of DBMs to represent non-convex zones. There are other repre-
sentations 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 substraction
for the DBMs when the DBMs are already used in a model-checker. Depending
on the operation, a given representation may be more or less efficient, we do not
address this issue.

2 DBM Substraction

Given two DBMs A and S, we want to substract S from A. The resulting zone
Z can be defined as the zone satisfying the constraints of A and ¬S. Intuitively,
a point p ∈ ¬S iff ¬(p ∈ S). Computing the result Z = A ∧ ¬S is done by
constraining A with the negated constraints of S. Figure 1 illustrates the basic
substraction 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 http://www.uppaal.com
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A

S

Fig. 1. Basic substraction algorithm.

3 Reducing Splitting

The first observation 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
constraints on the edges. Figure 2 shows the reduced substraction by using only
these constraints. The complexity for computing the minimal graph is O(n3) but
it is worth doing since it is more important to reduce the result.

A

S

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

4 Substraction with Minimal Split

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

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

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

3. The (negated) constraint is on a facet of S that does not intersect A: we
ignore it.

4. Otherwise we compute a split.
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The third case is the contribution of our algorithm: the decision procedure is
linear in the number of clocks and can rule out constraints that do not affect
the result. The main argument for ruling out these constraints comes from the
convexity of A and S: if a facet of S does not intersect A, then it has no effect
on the substraction. We argue that this algorithm is sound and complete. As a
remark, the first case is redundant with the third case but it is a simple test
used to rule out simple cases. The complexity of the additional test is O(n) per
constraint, which is, O(n3) in total: we do not make the substraction worse.

A

S

Fig. 3. Substraction with minimal splitting.

5 Minimal Substraction

Having the minimal number of DBMs as the result from a substraction may
not be enough: if the successor states are going to be arguments for further
substractions then there should be no overlapping between them otherwise future
substractions 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 resulting DBMs to make them
disjoint. The ordering of the splitting procedure affects the result but it is still
guaranteed to be minimal and disjoint. This procedure costs a copy per split.
The complexity is O(n4) in total. The substraction is still in O(n4).

A

S

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

The algorithm we propose has been implemented and tested with other functions
of the DBM library that use substraction 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 propagation of the result in the exploration
loop of the model-checker, e.g., for reachability, or in the tests we made on the
propagation of partial results: the resulting DBMs are used later to compute
further successors and substractions.
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The threads are comming: New programming

challenges for the masses

Erik Hagersten
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Abstract

The long awaited introduction of multi-threaded execution inside mainstream

microprocessors can become the next challenge for software technology. This

talk will cover the technical reasons for running multiple threads per CPU chip,

identify some technology possibilities and challenges that come as a direct result

of this paradigm shift and finally make some predictions for the future.

 21 / 114



Color-blind Behavioral Specifications for

Transformations of Reactive Synchronous Programs

Andrzej Wąsowski∗

Department of Innovation, IT University of Copenhagen, Denmark
wasowski@itu.dk

Ulrik Larsen Kim G. Larsen
Center for Embedded Software Systems (CISS), Aalborg University, Denmark

{ulrikl,kgl}@cs.aau.dk

Abstract

We describe a language-based approach to derivation
of software product lines. A single general model, de-
scribed as an I/O-alternating transition system, is used
as a description of the available functionality. Hierar-
chically organized behavioral specifications define the
actual family members by restricting input and output
abilities of the general model. I/O alternating transi-
tion systems are used to model semantics of both sys-
tems and environments. Our environments are novel in
that they not only restrict possible input traces, but also
exhibit inabilities in distinguishing output traces. Some
outputs are indistinguishable for a given environment
in the same way as a color-blind person cannot distin-
guish some colors. Color-blindness can be used to model
surprisingly many aspects of realistic environments (for
example causality between firing and timing-out of a
stop-watch, boolean memory flags, or use of a single
actuator in place of two). The environments which are
formalized as color-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 specification of its
environment, and individually optimized, during code
generation, for the particular environment and purpose.
The specialized members of the product family are ob-
tained by requiring that the general model and the spe-
cialized models should be indistinguishable in the given
environment. The use of environments enables new
compiler optimizations, vastly exceeding usual reduc-
tions. If the general model defines much functionality
that is not needed in all versions of the product, this
functionality can be removed, even if it is defined in the

∗Work partly performed during author’s visit at CISS.

general model interweaved with needed functionality.
We present the semantics of a specification language

for environments of reactive synchronous systems, to-
gether with a powerful notion of context-dependent re-
finement based on color-blindness. This refinement re-
lation is more liberal than usual in allowing some mu-
tations to program outputs, instead of bare reductions.
This refinement relation also preserves deadlock prop-
erties in a flexible way. We demonstrate how partial
specifications of behaviors can be composed and used
to define families of products.
The framework is demonstrated in two ways, first

by discussing adaptations to realistic engineering de-
sign languages, second by presenting an example of a
product line. Two classes of realistic engineering lan-
guages are handled: Languages with set based output
and languages with sequence based output. The exam-
ple is given in the modeling language of State/Event
machines, which fits in the class of set based output.
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 one of [11], but based
on behavioral properties.
Relativized simulation has been originally intro-

duced by Larsen [6, 5, 4]. Our framework is modeled
after this work, rephrased in the setting of I/O alternat-
ing transition systems and extended with the notion of
color-blindness. In Larsen’s formulation, based on sim-
ple labeled transition systems [8], it was impossible to
express environment’s inability to distinguish outputs.
The study of behaviors of systems embedded into ex-

ecution contexts is relatively mature [5, 1, 7, 9, 3]. Our
work stems out from this series, by its extended sup-
port for observability specifications via color-blindness.
This support is needed, if the tools based on this frame-
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snooze ∨ alarmTO ∧ armed
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alarm
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Figure 1: State/event model of an alarm clock.
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((alarm ∧ fired) ∨ snoozeR) ∧ day/lightOff
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alarmTO ∧ armed ∨ snoozeTO ∧ delayed/lightOn

C1

timer

sensor

alarm

alarm
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dark / glow

∧night / glow
(alarm ∧ fired ∨ snoozeR)

backlight

snooze

alarmTO ∧ armed
∨snoozeTO ∧ delayed/lightOn

snooze

Figure 2: A specialized model, C1 of the alarm clock.

work, are to be useful for development of product lines
of embedded systems.
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 specifications shall be used as preconditions for
advanced, context-aware model optimizers/specializers.
This prototype tool is supposed to be compatible with
an industrial development environment for embedded
systems [2], which will allow realistic case studies.

1 Example

The following example is included with the abstract to
give a better understanding of the ideas involved in us-
ing color-blind environments for software product lines.
This example of course lacks all the formal definitions
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 sends an alarm time out
event, alarmTO, then the beeper is turned on. If the
user wants to postpone the alarm he has to press the
snooze button (event snooze), which allows him to con-
tinue sleeping until the snooze timer times out (event
snoozeTO). The backlight machine controls whether the
backlight in the alarm clock should be: off, 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 snooze button is being pressed. The snoozeR event
denotes the releasing of the snooze button. The sen-
sor machine models a memory cell storing information
about the level of light in the surroundings of the alarm
clock. Proper events (dark, bright) are generated by the
sensor driver whenever the ambient light passes above
or below some threshold.
We would like to support automatic derivation of

variants for discrete control systems like the alarm
clock. One such variant C1, which does not activate the
backlight in reaction to the snooze button, is depicted
on Fig. 2. Note the simplification 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 becomes blind for the lightOn
action immediately after producing the snooze event.
In order to structure our specifications, we shall

firstly state general requirements, which should hold for
all the environments used to execute the alarm clock.
These general requirements usually reflect the physical
nature of actuators and sensors. In our case we state
that dark/bright and snooze/snoozeR are always gener-
ated in an alternating fashion.

E0 = Interleave snooze snoozeR ∧Interleave dark bright

The environment for C1which can formally be de-
fined as E1 = E0 ∧ E ′, where E ′ is depicted in Fig. 3.

E
′
:

ignore{}? ignore{lightOn}?

snoozeR!

snoozeTO!

alarmTO!

bright!

snooze!

dark!
alarm!

Figure 3: Environment E ′ ignoring the lightOn output
produced in reaction to the snooze button.

Consider a new alarm clock variant C2, which is de-
void of the actual snooze function (Fig. 4). The user of
this clock can still press the snooze button, but the only
effect it has is turning the backlight off for a short while.

2
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We can say that this user (environment) becomes blind
to beepOn and beepOff actions initiated by the snooze
and snoozeTO events. Formally E2 = E0 ∧ E

′′, where E
′′

is defined in Fig. 5.
In this example we have shown two different envi-

ronments for the general alarm clock model, and their
respectively specialized alarm clocks. Both being dy-
namic properties, the first adding new transitions to the
alarm clock, while simplifying some guards, the second
only removing transitions and states from the original
model.

idle armed fired
alarmTO/
beepOn

beepOff

alarm/

day night
dark

bright

alarmTO ∧ armed ∨ snooze/lightOn

onoff glowing
dark

/glow

bright/
lightOff

(alarm ∧ fired ∨ snoozeR)
∧night / glow

((alarm ∧ fired) ∨ snoozeR) ∧ day/lightOff

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/satisfied in E2, and then unifying states made
indistinguishable (fired and snooze).

E ′′
:

ignore{}? ignore{beepOn}?

snoozeTO!

alarmTO!

bright!

snooze!

dark!
alarm!

snoozeTO!
ignore{beepOff}?

snoozeR!

Figure 5: Environment E ′′ 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. 
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äGå8æ+çdè-é	ê+ä�è	ë7å8æ+ç<� �i	��#���� é	å$ò+÷$ò5ø2óqè-ð+ï"æ5ïGFYè{ç�è	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�

�a�V���:�z�:�R�j�V 

��¡��6t
� � ÷$édè	ï/ø çG	 E ���Eå��8å$ø2å1í1÷�	8÷$æ+în¢V�5îLï<£"ë2æ��'� E ð5ë7ï�é	÷$é	ä<ðEóSå@ú�ì5é	å$ò+÷$ò5ë7ø2ë ç�è	ë2ä�çdóYè	ï/û
è�óEì�ïFçG�¥¤�¦�§�	�¨�©�©�ª��z�Eê5ò5ûSë7èdè-ïFî
�
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« ¬#­6®6¯i°�±�²l³�´�µO¶b¯�·&²l¸S¹�º,»i¼j±�¸i½iºSµS¾�¿�½ÁÀ6¯DÂÃ¸�Ä�ÅlºG²�¯CÆ:Ç�Ç�Ä�³�È4¾sÅl³�¸�¿�É�¸�ÊCÈG¾sÅ2ºG´S¸�²2Ë/Å2±�ºG¸S²lË
Ål¸jÅ2±�º�¾�²lº�¾u¸�Ê�¾�Ä�´SºGÌ�²H¾�³�ÈzÉÍÇ�º4ÈG³ÏÎ�ÈG¾sÅ2³�¸S¿U³�¿¥È�¸�Ð�Ç�Ñ�ÅlºG²�ÉlÈG³�º4¿�È�ºS¯OÒ�ÓSÓ�ÔkÕ!ÖH×�Ø�Ù�Ú�Ö�ÛOÜsÝ,Õ!ÞHÙsÔ
ß ÚàÝ,á�Þ�ÚàáiÝlÖ�â,µDã�ä�å#æ,ç�å,»DèOéiµ�å4êSê�ë�¯

« ès­6®6¯�°�±�²2³�´%¾�¿�½bì&¯�¶%¾�±�²�¯%íMáiî�×SÙsï�Ö�î�Ú�Ù�ÔXâ+Ü�ð0Ò�Ô ÛSÖ�ñGÝlÙsÕ!Þ ß Ó�ÖHÞGÕ ò�ÞHÙsÚàÕ!Üsî8ó�ô+õjö�á�Ù�÷
Ú�Õ!Ü�î�â�Ù�î�×<ø,î�Õ>Ú�Õ!Ù�Ô ß Ö�ï�Ùsî�Ú�Õ!Þ�â,µSùS¸�Ä�Ñ�Ð�ºVã<¸�Ê�õ�Ò6ú�Ø ßRû Ü�î�Ü2Û�Ý2Ù2Ó�üDâ<Ü�îbú'ü�ÖHÜ�ÝlÖ�ÚàÕ!ÞHÙsÔ
Ø�Üsï:Ó�áiÚýÖ�Ý ß Þ�Õ!ÖGî�ÞHÖG¯�þDÇ�²2³�¿�´SºG²�µ�ì
ºG²2Ä�³�¿Mµ
å4êSëSé�¯

« ÿ�­6®6¯
°�±�²l³�´�¾�¿�½%ì&¯�¶%¾�±�²�¯<íMáiî�×�Ù�ï�ÖGî�ÚýÙsÔkâ0Ü�ð6Ò�Ô ÛOÖ4ñGÝlÙ�Õ!Þ ß Ó�ÖHÞ�Õ ò
Þ2Ù�Ú�Õ!Ü�î��Oô û Ü4×�áiÔ�Ö
ß Ó�ÖHÞ�Õ ò
Þ2Ù�Ú�Õ!Ü�î�â¥Ù�î�×)ØzÜ�î�â,ÚàÝlÙsÕ>î�Ú!â,µ�ùS¸�Ä�Ñ�Ð�º/¬iåU¸�Ê�õ�Ò/ú�Ø ßÃû Üsî�Ü2Û�ÝlÙ2Ó�üOâ0Ü�î ú'ü�ÖHÜ�÷
ÝlÖGÚ�Õ!ÞHÙsÔ�ØzÜ�ïVÓ'áiÚ�ÖGÝ ß ÞGÕ!ÖGî�ÞHÖ�¯
þDÇ�²2³�¿�´SºG²�µiì�º4²lÄ�³�¿Mµ
å4êSê���¯

« é#­6ì&¯��S¾SÈ�¸SÌ�É6¾�¿�½���¯�¼VÑiÅÍÅ2ºG¿M¯RÆ ÅlÑ�Ål¸�²2³�¾�Ä�¸S¿8ä���¸OæÍÆVÄ�´�º4Ì�²2¾SÉU¾�¿�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,î�Õ>Ú�Õ!Ù�ÔjØzÜ�ïVÓ'áiÚ�ÙSñ�Õ>ÔÏÕ>Ú����VÒ�Ô ÛSÖ�ñGÝlÙsÕ!Þ ß Ó�ÖHÞ�Õ ò
Þ2Ù�Ú�Õ!Ü�î�â���Ùsî'×��jÙ�Ý,Ú�Õ!Ù�Ô�Ò�Ôk÷
ÛSÖ�ñGÝlÙ#â,¯����DÊ(¸�²H½+À:¿�³�ù�ºG²HÉl³ÏÅ�Ë���²lº�ÉlÉ4µ����DÊ(¸�²H½
µ'å4ê�ë�
D¯

«�
�­���¯ ��¯ ¶b¯ ¶b¯�¼VÑiÅÍÅ2ºG¿M¯'ÀV¿�³�ù�º4²2É2¾�Ä�ÈG¸S¾�Ä�´SºGÌ�²H¾�çMÆ{Å2±�ºG¸S²lË¥¸�Ê
ÉÍËiÉÍÅlºGÐ�É4¯uú�Ø ß µS¬�ÿSê�ç ès»Dë���µ
¬�� ����¯"!�³�²HÉÍÅj¾�Ç�Ç�º4¾�²2º4½n¾�Éj¼VºGÇ�¸�²lÅ��uþ�#�¼VêSãSéS¬iµ���Â$
,µ�ÆVÐ�ÉÍÅlº4²2½�¾�Ð å4êSê�ã�¯

« ës­6À6¯0Â]¸SÄÏÅ2ºG²�¯%��¿&��¸S²lº4Ä�¾�Ål³�¸�¿�É4µ'��¸ (�º4²l¿�º4Ä�É4µ+¾�¿�½)��¸Dº+*OÑ�¾�Ål³�¸�¿�É4¯,
ý¿�®6¯�¼jº-#
³�ÈH±�ºGÄàµiº4½i³�Ål¸S²4µ�ú'üDÕ>Ýl×/.PÜsÝ10sâÍü�Ü2Ó Üsî Ø�Ü�ÙsÔ ÛOÖ4ñGÝlÙ�Õ!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�Ù�î����9�
ÝlÜ�ÞHÖ2ÖH×�Õ>îOÛ�âHµ'ùS¸�Ä�Ñ�Ð�ºÁå4è�¸�Ê�°9:�;��uþ
µ�Ç�¾�´�º4É
è�ÿ<
4»DèSã�ã�¯S°�Ä�ÉlºGùD³�º4²VþiÈ�³�ºG¿�ÈGº�µ�¬���� ��¯

« ês­6À6¯�ÂÃ¸�Ä�Ålº4²4¯9�uþ<�:µ���¾�²ÍÅ2³�¾�Ä
ÆVÑiÅ2¸�Ð�¾sÅH¾�µ�¾�¿�½=��¸O¾�Ä�´�º4Ì�²2¾SÉG¯Uú�Ø ß µ�¬�ë ��ç è#»iè�ÿ�µi¬�� �S¬�¯

è
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>�?"@�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��ixY����s�v���xi��t�v�u���y+z����-��u�w

��� ��v�v���v������+�+�Y�Y�����-��u�w�����t	u�y+s�v��
xi��|��+v����d���Y�-���� �¡£¢���¤-¥��d��¦R§d¥n¡����

¨ 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»�¸¼®³o¹p1½�j
l¶jYq�oUp"®°©<¾�©�®�pij4² giª«®¶©�q�l³¿-À�Á4Â­Ã�ÄÆÅdÇ�È1É«Ç«Ê�Ã	Ë�ÈÆË�ÌÍÅdÇ�Ã�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�Ó�p1j+g�q�©�®¶©<¾�©«®�pij±©�µ«hÕÔ�j+g�²�ÓIoUp1jR´�oÖÓ£gi²�h×o1²�hkj
l¶®°hk®�p�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�©«®�pij¹o1jRh­q�© pi®°¯+o�q�g1j8ª<j+Ü�jRl°²�´_j+ª�ÑP®�pi½�pi½«j8q�®°hæ²�Ó�²dÜ jRg1ã
¯-²�hk®°©«·�p1½«jâo1²�ã�¯Rq�l¶l°j+ªçÈÆË�ÌÍÅdÇ�Ã�Ê�Î�ÅdÇ_èdÌÍÅdé�êë²�Ó8´«gi²�·�g�q�hìo1l¶®³¯-®°©«·�ÑP½«®³¯�½íq�gi®°o1j+okÑP½«j+©
®¶©<¾�©«®�pij~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�©�®�pij4o1j+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«®�pi®¶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®�Ó£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�ÄiÈ1Ê�èdÇë®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®�pØo�p�qdp1jYo8®¶©�pi²=ÑP½«®°¯�½�¯R²�hk´«µ<p�qdp1®°²�©ø½�q�´«´_jR©�o8pi²'Ó�q�l°l�q�Ó�p1jRg�q�©
®¶©<¾�©«®�pij~©�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®�pØ®°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°®�pijRg�qdpiµ«g1j ÏÚÿC®³o8²�Ó�pijR©�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+Ï�®¶p
®°o�j+q�o1ÂÍpi²�o1jRj~pi½�qdpYÏ�®¶ÓÖ²�©«j~½�q o�ª<jR¾�©«jYª'l¶®°hk®�p¹Ü�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®�pÐÜdq�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�©�®�pijk¯+q�o1j�Ï�pi½«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
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Scenario(MSC)-Based Specifications: a Survey

P.S. Thiagarajan

National University of Singapore

Abstract

Message Sequence Charts (MSCs) are an appealing visual notation for specifying
patterns of interactions between processes and is used by a number of design
communities.

A key role of MSCs is to capture system requirements in terms of ”good”
scenarios the implementation should exhibit and ”bad” scenarios it must avoid.
A good part of research on MSCs has been driven 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 some sense, a branching time- extension
of MSCs called Live Sequence Charts (LSCs)has proposed by David Harel and
Werner Damm to serve as an executable specification language. Further, David
Harel and co-workers have developed a simulation engine called the Play-Engine
to prototype system designs based on LSCs. From a conceptual standpoint, the
model called Communicating Transaction Processes (CTPs) also falls within
this framework.

We will survey research on MSCs covering both these themes.
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Compositional Specification and Verification of UML Models∗

Marcel Kyas† Frank S. de Boer‡

September 6, 2004

1 Motivation

Today, UML 2.0 [3] is an accepted modeling lan-
guage for object-oriented software systems. It pro-
vides a range of diagrammatic notations for mod-
eling and specifying different 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 particular implementation of the
model. These methods do not scale well or they en-
rich the model with notations outside of the UML,
because UML does not provide any means to spec-
ify a systems behavior compositionally yet.

We present a compositional specification lan-
guage based on OCL 2.0 [4] extended with histo-
ries (see [1]). The compatibility predicate, which
asserts the compatibility of specifications, of [1] is
extended to 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 challenges for this specification
language is ensuring the distinction between local
specifications, which describe the behavior of the
objects, and global specifications, which define the
possible object structures. Global specifications are
similar to UML’s architecture diagrams. Another
challenge concerns unbounded object creation.

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

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

†Institute for Computer Science and Applied Mathemat-
ics, Christian-Albrechts-Universität zu Kiel, Germany, e-
mail: mky@informatik.uni-kiel.de

‡CWI Amsterdam, The Netherlands, e-mail: frb@cwi.nl

from OCL to PVS is automated [2].

2 Trace Logic

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

A program in our setting is given by a set of
classes C with typical element c, where each class
specifies attributes describing its data, and a state
machine describing its behavior. We assume that
the attributes specified in a class are private to the
object, i.e., no object may read or write to another
object’s attributes. This ensures that communica-
tion between objects is only by sending signals. Fi-
nally, each program specifies a root class. For sake
of simplicity, we assume that all state machines are
flat.

To achieve compositionality, we equip each ob-
ject with a history variable χ, which can be spec-
ified using a class invariant Ic. This invariant has
to be local, i.e., it must not refer to the state or the
history of any other object.

Given a specification we derive the verification
condition

∧

c∈C

∀zc : Ic[zc/self ] → φ

where the substitution [zc/self ] transforms the lo-
cal assertion Ic to a global assertion on the object
zc and φ is a property of the global trace of events
we want to prove.

We are concerned with safety properties and as-
sume that all interaction between objects is either
by asynchronous or synchronous messages. There-

1
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fore it is sufficient to use finite sequences of events

as traces:

• 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 its input queue.

• return(s, r, sig, ~v, v′) 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, because sending and re-
ceiving a message coincides, 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 Ic on its communication history.
This logic is (essentially) defined by the language1

ϕ ::= t v t′ | t � t′ | t = t′ | ¬ϕ | ϕ ∧ ϕ′ | ∃v.ϕ

t ::= t ↓ λv.ϕ(v) | r.χ | ti

The predicate t v t′ states that t is a subsequence of
t′, t � t′ states that t is a prefix of t′, r.χ denotes
the local history of r, where r is some reference
name, most of the time self , the term t ↓ λv.ϕ(v)
designates the projection onto ϕ, i.e., largest subse-
quence of t for which ϕ holds on each position, and
ti refers to the ith event in t. A local class invariant
is a predicate on the object’s trace 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 first communication with an
object in the global trace 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
message with a new object identity to another
object spontaneously. After this, each object
needs to have received the message from an-
other one.

• There are no cycles in the creation order.

1We omitted the sub-language for integer arithmetic.
2This only holds if we can create an unlimited number of

objects.

• Reading from an event queue is done in a first-
in first-out order.

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

3 Tool Support

We have implemented a prototype tool which trans-
lates the extended OCL specifications (a syntax for
the trace logic) into the PVS language. We have
specified an object-oriented version of the Sieve of
Eratosthenes using our trace logic and proved its
correctness in PVS. The specification is quite con-
cise and captures the essence of the systems behav-
ior. To our mind this is an important property of
a specification language.

In the future we want to apply our method to
larger examples. We also need to investigate the
features needed to allow compositional specifica-
tions for models using a richer subset of UML.
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Abstract

STAIRS is an approach to the compositional development of inter-

actions, supporting the specification of mandatory as well as potential

behaviour. The classical notion of refinement is supported both by using

a formal denotational trace semantics and by more practical transforma-

tion rules together with pragmatic constraints.

Introduction

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

An essential feature in STAIRS is the ability to distinguish between mandatory
and potential behaviour. By potential behaviour, we mean that a specification
may give several alternative behaviours serving the same overall purpose, and
that fulfilling only some of them is acceptable for an implementation to be
correct. On the other hand, mandatory behaviours are alternatives 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) alternatives
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As an example, consider the interaction overview diagram in figure 1, specifying
the behaviour of an ATM (Automatic Teller Machine). An ATM offers the
customer withdrawal of money or the purchase of a number of foreign currencies
(in addition to having cash refill). The alt-operator is used to specify that for
an implementation of the ATM it is optional to offer either euros or US dollars,
or both. We also want to specify that any ATM must offer both withdrawal of
native money and at least one foreign currency. These mandatory alternatives
are expressed using the novel operator xalt, introduced in [HS03].

Semantics of interactions

To explain the meaning of interactions, STAIRS uses denotational trace se-
mantics. A trace is a sequence of input/output events, representing one execu-
tion of the specified system. In general, an interaction is viewed as specifying a
set of positive and/or negative traces. Traces not specified as either positive or
negative are called inconclusive.

A central notion in STAIRS is that of an interaction obligation, used to capture
mandatory behaviour. An interaction obligation is a pair (p, n) of sets of traces
where the first set is interpreted as the set of positive traces and the second set
is the set of negative traces.

An interaction is given its semantics as a set of interaction obligations. Any valid
implementation of the interaction must contain at least one positive trace from
each of the interaction obligations. Different interaction obligations are specified
syntactically by using the novel operator xalt, where each operand gives rise to
one obligation. The positive traces within one obligation are alternatives that
may be present in an implementation, thus supporting specification of potential
behaviour. (At the specification level this is, among other things, achieved by
the alt-operator.)

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

[[ d1 alt d2 ]]
def
= {(p1 ∪ p2, n1 ∪ n2) | (p1, n1) ∈ [[ d1 ]] ∧ (p2, n2) ∈ [[ d2 ]]}

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

For more details, see [HHRS04].

Refinement of interactions

An important part of STAIRS is to explain the classical notion of refinement in
the setting of interactions. This is done by distinguishing between three main
kinds of system development steps: supplementing, narrowing, and detailing.
Supplementing categorizes inconclusive behaviour as either positive or negative,
while narrowing reduces the set of positive behaviours. Detailing means to
introduce more detailed descriptions, while maintaining the essential behaviour.
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Formally, we have that an interaction obligation (p2, n2) is a refinement of an
interaction obligation (p1, n1), written (p1, n1)  r (p2, n2), iff n1 ⊆ n2 ∧
p1 ⊆ p2 ∪n2. An interaction d

′ is a refinement of an interaction d iff ∀o ∈ [[ d ]] :
∃o′ ∈ [[ d′ ]] : o r o

′.

Supplementing and narrowing are special cases of the general notion of refine-
ment. An interaction obligation (p2, n2) supplements an interaction obligation
(p1, n1) iff (n1 ⊂ n2 ∧ p1 ⊆ p2) ∨ (n1 ⊆ n2 ∧ p1 ⊂ p2). An interaction obligation
(p2, n2) narrows an interaction obligation (p1, n1) iff p2 ⊂ p1 ∧ n2 = n1∪(p1\p2).
Detailing corresponds to interface refinement as defined in e.g. Focus [BS01].

In [HHRS04] we prove that refinement as defined above is transitive and mono-
tonic with respect to the most common interaction operators. Transitivity is
important, as it ensures that successive refinement steps results in a valid re-
finement of the original specification. In the same way, monotonicity allows for
the different parts of an interaction to be refined independently.

Refinement 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 need for a more practical, high-level approach to dealing
with refinement of interactions. We are currently working on constructing a
refinement calculus for STAIRS. In this first phase, the calculus consists of two
kinds of rules:

Transformation rules describing syntactical modifications on interactions,
modifications that will result in valid refinements.

Pragmatic constraints to assist in developing useful refinements, not only
valid ones. (For instance, it is very easy to refine a consistent specification
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, schedulability
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 specified by statecharts. Operations may be annotated
with SPT timing parameters for their execution time, deadline, priority
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 been done
in a case study where an SPT annotated UML model of an adaptive
cruise controller is studied.

1 UML with SPT Annotations

We use a subset of UML with SPT annotations (the UML profile for Scheduling,
Performance and Time [11]) as an input language for 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 whose corresponding statecharts are shown to the right of the structure
diagram.

The operations of components represent tasks being scheduled for execution.
We apply the SPT stereotype SAAction for operations to annotate them with
parameters such as priority, computation time, deadline, etc. Parameters of the
operation foo of C are shown in Figure 1. Operations are triggered by statecharts,
and operations triggered by the same statechart are executed synchronously.

Components can have ports that can be connected with directed links al-
lowing for interaction between them. There are two types of ports, namely data
ports and trigger ports. Data ports are defined using DataPort interface which
has two methods get and set. Links between data ports are one place buffers that
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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 sender and many receivers. A data item in a one place buffer is
observable by receivers until overwritten by the sender. Trigger ports are defined
using TriggerPort interface. Untyped events can be sent over the link using the
GEN method. Events are stored in a buffer of a predefined size until 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
executed when the transition is fired. A trigger can be a timeout or the recep-
tion of an event from a trigger port. For example in 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 expires 20 ms after state C is reached.
Guards are logical conjuncts of integer expression comparisons. Actions can up-
date variables, synchronously execute corresponding operations, generate events
on trigger ports, and set the values on data ports.

2 Extracting Timed Models 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
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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 ta tio n
      T ime

Dea dl ine

foo 1 25 40

I n ter face

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 between automata. Operations with the
stereotype SAAction become tasks whose computation time, deadline and pri-
ority are given according to the SPT annotations SAWorstCase, SARelDeadline,
and SAPriority, respectively.

The ports are represented as shared integer variables that are aliased accord-
ing to how the links connect them. A variable connecting data ports represent
the data item currently residing in the one place buffer. For trigger ports the
variable is used to count the number of events queued at the port. The get op-
eration on a data port corresponds to accessing the 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 decreased when a
transition is fired due to an event received at this port.

A transition in a statechart is translated into edges in an automaton, with
intermediate locations when needed. An event trigger becomes a 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 tmi = T , an invariant tmi ≤ T on the source
location, and a reset operation on the clock tmi for each transition reaching
the source location. A call to an SAAction operation becomes an intermediate
location where the corresponding task is released for 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 added to the Rhapsody
Tool menu, and uses the Rhapsody COM API to access the UML model. The
extracted model is generated as Java objects directly into a running instance of
the Times tool.
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Times is a design and analysis tool for real-time embedded systems, based
on timed automata [1] extended with tasks [6]. Tasks are temporal abstractions
of executable programs represented as their execution time, deadline, priority,
etc. Releases of task instances are triggered by timed automata for asynchronous
execution according to a given scheduling strategy. The Times tool is developed
for automated schedulability analysis of the extended models.

4 Case Study

The tools described in this paper have been applied to analyse an adaptive cruise
controller (ACC) model. An ACC is an extension of an ordinary cruise controller,
with the purpose to 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 speed and distance of any vehicle in front.

The ACC model is defined within SaveCCM [8], a component model devel-
oped as a part of the SAVE project. The purpose of the project is to develop a
component technology for safety-critical vehicle systems. The concepts of data
ports and trigger ports in our modelling language comes from SaveCCM. In
SaveCCM there are three types of entities, separated using stereotypes: Save-
COMP is used to denote components, Assembly denotes component assemblies,
and Switch denotes a special construct for switching triggering events. State-
charts model the triggering of components by first receiving from all input trig-
ger ports, then perform its calculations, and finally generate events on all output
trigger ports. Switches differ in that they can generate events on selected output
trigger ports.

The ACC assembly of our model is shown in Figure 3. The calculations of each
component is modelled by an operation execute, with SPT parameters according
to Table 1. The ACC is assembled from three components and a sub-assembly.
The component ModeLogics calculates the current operating mode of the ACC.
ObjectRecognition applies an algorithm to radar input, in order to determine the
velocity and distance of any vehicle in front. HMI outputs determines the output
to be sent to the driver panel. AccControllers is an assembly consisting of two
PID controller components and a switch. The switch determines what controllers
are active depending on the current operating mode of the ACC. In standard
cruise controller mode only the SpeedController is active, but in ACC mode both
the SpeedController and DistanceController are active and coupled in a cascaded
control loop.

When the model is exported from Rhapsody into Times, the resulting Times

model is schedulable. The response times reported by Times are presented in
Table 1. The schedulability analysis was performed in less then one second and
consumes 3.3 Mb of memory, using an Intel Celeron 1.7GHz computer.
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Fig. 3. The ACC subsystem assembly

Component Name SAWorstCase SARelDeadline SAPriority Worst Case
Response Time

SpeedController 5 20 5 5
ObjectRecognition 30 100 4 40
ModeLogics 1 100 3 6
HMI outputs 2 100 2 2
DistanceController 20 100 1 25

Table 1. The properties of the execute operation for the components.

5 Conclusions

In this ongoing work we demonstrate how UML with the SPT profile can be
used to model schedulability problems in a way that is analyzable by the Times

tool. Some work remains to be done. The case study model should be extended
with more details, for a more reliable validation of the work. To handle a richer
class of 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-Pacific has a tool [10] for schedulability analysis of periodic task sets ex-
tracted from Rhapsody models. In our work we propose a more generic model
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where tasks are triggered not only periodically but also by external events. The
exact task release pattern is defined by means of UML statecharts.
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8. Hans Hansson, Mikael Åkerholm, Ivica Crnkovic, and Martin Törngren. SaveCCM
- a component model for safety-critical real-time systems. In Proc. of Euromicro

Workshop on Component Models for Dependable Systems. IEEE Computer Society
Press, 2004.

9. David Harel and Eran Gery. Executable object modeling with statecharts. Com-

puter, 30(7):31–42, 1997.
10. Paulo Martins. Integrating Real-Time UML Models with Schedulability Analysis.

Tri-Pacific Software Inc., 2004.
11. Object Management Group Inc. UML Profile for Schedulability, Performance, and

Time Specification, 2002.
12. OFFIS. The Rhapsody UML Verification Environment – Installation-Guide and

Tutorial, 2004.
13. S. Graf and H. Saidi. Construction of abstract state graphs with PVS. In
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1 Introduction

We introduce and investigate the new Controlled Linear Programming
Problem (CLPP) [1]. In a system of linear constraints of the form xi ≤
pi(x̄)+wi, where pi are linear homogeneous polynomials with nonnegative coef-
ficients, some variables are controlled and the controller wants to select exactly
one constraint for each controlled variable in a way that makes max

∑
xi as

large as possible (over all selections). Intuitively, the CLPP mixes the notion of
linear programming with that of game theory.

We investigate several different versions of the problem by varying the re-
strictions on the polynomials in the constraints. For these instances we then
prove optimality conditions which allow for designing subexponential iterative
improvement algorithms and proving NP∩coNP membership. Also, we show
that a slight generalization of the problem, with negative coefficients in the
polynomials, leads to NP-hardness.

A motivation for studying this problem is that many well known and much
studied games like parity, mean payoff, discounted payoff, 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 Definitions

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

j
i (y) and ql

k(x) be homogeneous

linear polynomials with non-negative real coefficients, and w
j
i , w

′l
k ∈ R, for

i ∈ {1, . . . , n}, j ∈ {1, . . . , ni}, k ∈ {1, . . . , m}, l ∈ {1, . . . , mk}. A linear con-
straint is called:

– optional if it has form xi ≤ p
j
i (y) + w

j
i , and

– compulsory if it has form yk ≤ ql
k(x) + w

′l
k .

Definition 1 (Controlled LP-Problem). Given the data as above, find a
tuple, called a pure strategy, (j1, . . . , jn) ∈ ∏n

j=1{1, . . . , nj} that renders maxi-

mal (over all possible such tuples) the value of the objective function
∑n

i=1 xi +∑m
i=1 yi subject to the system of constraints S(j1, . . . , jn) consisting of all com-

pulsory and the optional constraints xi ≤ p
ji

i (y) + w
ji

i for i = 1, . . . , n. ut

For a given pure strategy, denote an optimal solution of the resulting system
S(j1, . . . , jn) by (x∗,y∗).

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

p
jk

k (y∗) + w
jk

k < p
j′

k

k (y∗) + w
j′

k

k . (1)

 45 / 114



Say that a sequence of switches from (j1, . . . , jn) to (j′1, . . . , j
′
n) is profitable,

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 λ is admissible if S(λ) is feasible. The following theorem underlies the
monotonic improvement of several iterative switching algorithms in Section 4.

Theorem 1. Every sequence of attractive switches is profitable and transforms
an admissible strategy into an admissible one. ut

Say that an admissible strategy is stable if it does not have attractive switches.
For many important cases of the CLPP, discussed below, we have the following
polynomial-time optimality test.

Theorem 2. Every stable strategy is optimal. ut

The above definitions 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 defined for every controlled vertex xi as a nonnegative vec-
tor λ̄i = (λ1

i , . . . , λ
ni

i ) with the l1-norm equal to 1, i.e.,
∑ni

j=1 λ
j
i = 1. Com-

bine all the constraints for each controlled variable xi into a weighted sum xi ≤∑ni

j=1 λ
j
i (p

j
i (y

∗)+w
j
i ), and denote the resulting system by S(λ) = S(λ̄1, . . . , λ̄n).

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

Theorem 3. For any stable mixed strategy there is a pure/discrete no-worse
stable strategy. ut
These important properties allows us to design a wide range of simplex-like and
interior point algorithms for several problems discussed below.

3 Stability and Optimality

It follows that whenever a stable strategy is also optimal, the decision problem
is in NP∩coNP. For NP, just guess a strategy of the controller and verify that
the optimal solution of the resulting system is above the given threshold. For
coNP, guess a strategy, verify that it is stable and hence optimal, and then
confirm that the resulting system has 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, iterative improvement algo-
rithms that start with an initial admissible strategy and repeatedly make at-
tractive switches, will eventually find the global optimum. For the general case,
however, we present several counterexamples, and do not yet know if the prob-
lem is in NP∩coNP. If negative coefficients are allowed in the polynomials we
show that the problem is actually NP-hard.

In the following cases Theorem 2 does hold:

– Univariate Discounted Case, which is defined like the general case but
with the further requirements that the right hand sides of the constraints
are on the form: w + δ · y, for 0 < δ < 1 fixed, w ∈ R and y a variable.

– Multivariate Discounted case, where the right hand sides of the con-
straints have form:

∑
i ai · vi + wi, for vi a variable, wi ∈ R and ai’s positive

constants that fulfill
∑

i ai < 1.
– Univariate Non-Discounted Case, with right hand sides: w + v for v a

variable and w ∈ R. Also one or more compulsory constraints on the form
t ≤ 0 can be introduced.
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4 Algorithms

Switching Algorithms. Whenever stability implies optimality the following generic
algorithm solves the CLPP: 1) start with any admissible strategy; 2) make at-
tractive switches until the global optimum is found. Different switching schemes
can be employed with this template algorithm and we look at Single Random
Switch, Single Greedy Switch, All Attractive Switches and Random Multiple At-
tractive Switches.

Subexponential Algorithms. Given an instance S of CLPP, a subproblem F of S

is obtained by fixing one optional constraint for some controlled variable and
allowing other to vary. In combinatorial terms, F defines a facet in the space of
pure strategies of the controller in S. This establishes the “constraints↔ facets”
relation. Associating optional constraints with facets in the space of controller’s
pure strategies provides the intuitions necessary for applying different approaches
from combinatorial linear programming to the CLPP. In particular, we adapted
(see Algorithm 1) the randomization scheme due to Matoušek, Sharir, and Welzl
(MSW) (more intuitive and easier to explain for than Kalai’s randomization [1]).
The function opt S(σ) works as the target function being optimized. The Switch
function takes a strategy σ and an optional constraint x ≤ e and returns the
strategy obtained by changing the choice of σ for x to x ≤ e. In combinatorial
optimization terms, line 3 of the algorithm corresponds to selecting a facet in
the space of positional strategies. Line 4 corresponds to recursive optimization
on the rest of this space.

Algorithm 1: MSW-Style Algorithm for CLPP
CLPP-MSW(S, σ0)
(1) if every controlled variable has only one optional con-

straint in S

(2) return σ0

(3) choose a random optional constraint x ≤ e not selected
by σ0

(4) σ∗ ← CLPP-MSW(S \ {x ≤ e}, σ0)
(5) σ1 ← Switch(σ∗, x ≤ e)
(6) if opt S(σ1) > opt S(σ∗)
(7) S′ ← S \ {x ≤ e′ : e′ 6= e}
(8) return CLPP-MSW(S ′, σ1)
(9) else return σ∗

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

n log(m/
√

n)+log m), where n

is the number of controlled variables and m is the number of optional constraints
(similar to Kalai’s). If m is polynomial in n, the bound is 2O(

√
n log n) [1].
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Coin Games – Abstract
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Parity games – a two-player graph games with parity winning conditions – provide an elegant framework
for verification of regular properties of reactive systems. Quite naturally, an accepting run of an alternating
tree automaton can be viewed as a winning strategy in a parity game. It is also standard to reduce verification
of a property expressed by a mu-calculus formula to the problem of deciding the winner in a parity game [1].
Good understanding of the parity winning conditions can help in developing better algorithms for model
checking the general regular properties of systems.

In this work we propose games with different winning criteria which are equivalent to parity games but,
in our opinion, are simpler to understand and work with. The main idea is to introduce 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 force the first player to spend all his coins thus making him unable to continue the play.

The winning conditions are simple and are determined by the current configuration of the game only. The
second player wins a play if the first player does not have enough coins to pay for the next move. If this is
not the case then the play can continue forever and the first player wins. In a sense this can be interpreted
as safety/reachability winning conditions: the first player wants to stay in the set of safe configurations,
where he have enough coins to pay the fees; the second player wants to reach a configuration where the first
player is blocked. A possibility of reducing parity winning conditions to safety ones was also reported in [2].
However, this is done at the expense of adding exponentially many new positions in the game, while our
approach does not change the set of game positions.

In a coin game one can evaluate each position by fining the minimal collection of coins which enables the
first player to win a game starting from that position. Having such evaluation, a winning strategy for the first
player is to always choose a successor with minimal optimal cost. This resembles very much the way optimal
strategies can be found in payoff-based games like games with finite game tree or simple stochastic games.
Inspired by the methods used to solve the latter [3], we formulate local optimality equations and prove that
the optimal costs satisfy them. We propose to solve the local optimality equations by simple iterative fixed
point computation.

The resulting algorithm is equivalent to the small-progress measure method for solving parity games
proposed in [4]. Our work shows that this method is an instance of a general principle of finding optimal
values and strategies in a payoff-based game by so-called value iteration.
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ABSTRACT
We consider black-box testing of functional correctness as
a special case of a satisfiability or constraint solving prob-
lem. We introduce a general method for solving this prob-
lem based on function approximation. We then describe
some practical results obtained for an automated testing al-
gorithm using approximation by piecewise polynomial func-
tions.

Categories and Subject Descriptors
D.2.5 [Software Engineering]: Testing and Debugging—
Testing tools

General Terms
Algorithms, Theory, Verification

Keywords
approximation, black-box test, constraint solving, formal
specification, functional test, satisfiability problem, test cov-
erage

1. INTRODUCTION.
Black-box functional testing of a software system involves

generating and executing a set of test cases (i.e. inputs) and
judging each outcome (the oracle step) using only a set of
functional requirements. This approach is usually justified
on the grounds that structurally based (”glass-box”) test-
ing methods, such as exhaustive path exploration, have a
superlinear time complexity with respect to the size of the
system under test (SUT). Thus glass-box testing methods
do not scale well to large systems.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
ISSTA’04 July 11–14, 2004 Boston, Massachusetts, USA
Copyright 2004 ACM 1-58113-820-2/04/0007 ...$5.00.

For functional test automation, some kind of formal and
machine recognisable requirements language is necessary.
Without any loss of generality, we can assume that first-
order predicate logic is an adequate formal requirement lan-
guage. (See for example [6].)

We shall consider software systems whose functional cor-
rectness can be modeled by pre and postconditions pre and
post which are first-order predicate formulas. A successful

black-box test of a system S, with respect to a functional
specification pre and post is an assignment α of values to
the input variables x of S which satisfies the precondition
pre , such that S terminates given α and the resulting as-
signment ω to the output variables y of S (together with α)
satisfies the negated postcondition ¬post . Black-box func-
tional testing of S is therefore the search for successful tests
with respect to a functional specification {pre}S{post} of S.

We will consider a particular algorithmic approach to this
search problem. As we have seen, software testing involves
solving the pair of constraints pre and ¬post . However,
a naive application of classical constraint solving methods
does not answer all the questions we are interested in. An
important issue is the choice of a stopping criterion for any
search based testing algorithm. Quite simply, how much
testing is enough? This problem is well known in the test-
ing community as the coverage problem. We will consider
a measure of coverage, based on convergence of functional
approximations, which reflects the underlying complexity of
the SUT.

In the classical theory of function approximation, some
general class F of functions is shown to be approximable by
a much more limited and tractable subclass A ⊆ F of func-
tions. Well known classes of approximating functions in-
clude polynomials, trigonometric functions, sigmoidal func-
tions, radial basis functions, wavelets, etc. We can apply
function approximation theory to testing in the following
way. After executing some finite number n of test cases on
an SUT S, we will have constructed n test input assign-
ments α1, . . . , αn. Assuming termination in each case, we
will have computed with S a corresponding series of n out-
put assignments, ω1, . . . , ωn. Suppose that we have still
not found a successful test case and wish to continue test-
ing. Instead of throwing away the negative results obtained
so far, we could try to use them in some intelligent way to
construct a new (and hopefully better) test case αn+1. At
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the very least, αn+1 should differ from α1, . . . , αn. A more
sophisticated approach than random choice of αn+1 is to
combine α1, . . . , αn and ω1, . . . , ωn into some sort of ap-
proximate model Mn of the SUT S. From this approximate
model, we may be able to construct a “best guess” of where
a successful test case might be found, and choose αn+1 to
be this estimate. Now even if αn+1 fails as a test, it can be
used together with the output ωn+1 to produce a more re-
fined approximate model Mn+1. By choosing α1 at random
and constructing each αn+1 from Mn, we obtain an itera-
tive test case generation algorithm. In a sense, we approach
the testing problem as a kind of learning problem about the
underlying SUT S. One advantage of the approximation
approach is that a stopping criterion can be formulated as
a convergence criterion on approximation.

Our approach opens up a large family of interesting algo-
rithms based on different kinds of approximations. We will
illustrate the approach, and a simple case study, for a partic-
ular class of approximations, namely piecewise polynomial
functions.

The approach to testing as a computational learning (CL)
problem has been pursued by several authors, starting with
pioneering work of Budd and Angluin [3] and Weyuker’s
early work (e.g. [13]). The CL approach seeks to infer a
program from test results, and use the inferred program to
establish test adequacy. It therefore has some similar prin-
ciples to our approach. However, functional requirements
are implicit in the CL approach, and convergence within an
approximation space is not used to define adequacy. Nor
is the automatic generation and optimisation of test cases
considered.

Other approaches to learning-based testing include [2],
which uses classical constraint solving algorithms and a glass
box approach, but do not use approximation theory. The-
oretical research on the complexity of testing measured by
the complexity of learning using Vapnik-Chervonenkis (VC)
dimension is [11] and [12], though this research does not yet
seem to have led to the design of practical testing algorithms.

The coverage problem for black-box testing has been ex-
tensively analysed in work on mutation testing, starting with
[5] and [7]. In practise, mutation testing is limited by the-
oretical problems, such as the recursive unsolvability of the
equivalence problem for programs (see e.g. [9]). Mutation
testing is concerned with quantitative adequacy measures of
a specific test set, and not numerical or probabilistic results
about coverage as such. Furthermore, it does not attempt
to provide any feedback on how to improve an inadequate
test set, as our approximation approach does.

The organisation of this paper is as follows. In Section 2
we formalise some basic definitions of black-box functional
testing. In Section 3 we describe our algorithmic approach.
In Section 4 we present a case study for testing a simple
numerical algorithm. Finally, in Section 5 we draw some
conclusions and discuss some issues for further research.

The pre-requisites of our paper are some familiarity with
functional requirements specification using formal methods
and logic. Technically, we make as few assumptions as pos-
sible. In particular, we introduce the concept of a functional
specification formalised as a pair of pre and postconditions
over a first-order language from first principles. A more de-
tailed introduction can be found in [1] or [8].
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Abstract

Correct parallel programming is intrinsically difficult. A data race occurs when two or more

concurrently executing processes access the same shared-memory location in an unsynchro-

nized way, and at least one of the processes modifies the contents of the location. On the other

hand, adding incorrect synchronization may cause the program to deadlock. The occurrence

of a data race in a particular execution depends on small timing variations. Running the

program with the same input 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.

Unlike 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-fly during a monitored execution. To make the analysis inde-

pendent of programming language, the probes are 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 caused by the probes may alter the timing and change

the set of execution schedules likely to occur.

We propose a simulator based approach for detecting data races in 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 as part of a simulated execution of the unmodified

executable, hence the method does not induce any probe effects. As a result, in contrast to

non-zero intrusion methods, there is no possibility for a bug that disappears or alters its

behavior when one attempts to probe or isolate it.

Using the vector clock method found in the RecPlay tool, a limited prototype data race

detector have been developed as a plug-in module for the full-system, instruction-level simu-

lator SIMICS. The prototype requires a special form of threaded programs that are simulated

without an operating system. Each thread is executed on a separate CPU inside the simulator

and each time a memory access occurs a data race detection routine is called.

To synchronize, the threads uses simple 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

finding 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
†bjorn.victor@it.uu.se
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Abstract

In the π-calculus [SW01, Mil99] the only kind of messages that can be com-
municated are atomic names and this simplicity is appealing from a theoretical
point of view. But for many purposes one often finds it necessary or convenient
to be able to represent, for instance, data types such 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 π-calculus has emerged. These are often
aimed at capturing common features and properties of programming languages.

Appπ [AF01], proposed by Abadi and Fournet, is a generalization of the π-
calculus which aims at capturing several of these extensions. More specifically,
messages are allowed to be terms defined through a signature. Along with the
signature a set of equations is defined, hence obtaining a presentation. The syn-
tax and semantics of Appπ is parameterized by 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 Appπ.
The signature includes a binary function symbol pair and two unary function
symbols fst and snd. The set of equations includes

fst(pair(x, y)) = x

snd(pair(x, y)) = y.

The main contribution of our work is an encoding of Appπ in the π-calculus.
Such an encoding is appealing for several reasone. For instance automated ana-
lysis of Appπ-processes could be performed by first encoding a process and then
use one of the many automated tools that exist for the π-calculus. e.g. the
Mobility Workbench [VM94] developed by Victor and Moller.

The same arguments apply for the substantial amount of theoretical tools that
have been developed for the π-calculus. It should be possible to utilise some of
these theoretical results in order to obtain a better understanding of Appπ. In
fact, due to the generality of Appπ this arguments apply to any calculi express-
ible in Appπ.

∗Full report is available online at http://www.cs.aau.dk/~bh/files/dat6project.ps.gz
†Aalborg University, Department of Computer Science Fredrik Bajers Vej 7E, DK-9220

Aalborg Øst
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Although the π-calculus is well-known to be Turing-complete, the existence of
such an encoding is not immediate, and indeed the encoding is non-trivial. The
main difficulty lies in the encoding of the above mentionede equational theory
which underlies the syntax and semantics of Appπ. Our encoding is inspired by
a recent proposal for an encoding of the spi-calculus in the π-calculus [BPV03],
but differs considerably in the way that terms are encoded. We rely on well-
known results for transforming an equational theory into a terminating and
confluent rewrite system. In fact this transformation can be done by using the
Knuth-Bendix procedure [KB70]. Moreover the encoding requires the rules of
the rewrite system to be left linear.

The general idea is that all terms are forced to reduce to their irreducible form
before they can be accessed by the remaining parts of the system. This is done by
initially encoding the terms in paralell with the encoding of the rewrite system
which reduces the terms until they become irreducible. When on irreducible form
the term becomes an object-like process with a number of predefined methods,
including methods for comparing syntactically against another term. Since the
rewrite system is terminating and confluent checking for equality then becomes
a matter of checking for syntactic identity. The encoding also imposes a bottom-
up evaluation strategy of terms. The choice of evaluation strategy is inessential
for confluent rewrite systems.

As is often the case for this type of encodings, the representation of an encoded
process will in general have to do a number of transitions in order to match
a single transition of the original process. Therefore care needs to be taken
when relating operational steps of an encoded process with that of the original
process. In particular the encoding of an Appπ-term M requires a number of
transitions where M itself can be rewritten 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 soundness for rewriting of
terms. I.e. if a term M is rewritten to its irreducible form N , then the encoding
of M reduces to 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 some modifications to encoding we first came up with, which
we believe are sufficient in order to obtain such a result. Assuming this result
holds we have proved soundess with respect to barbed equivalence.
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Û�ÜVàP��àN!�Ý^ØcìLÝVÛ�í9Ý^Øcì�Ý�ß�Øcë
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 z�l�74�9� � ­`W´Y�i�m5Ó � Ó�ü�´Õ~ÓjÖ ×=Z�­`W´Y�i�m$Ó�ü�Ö Ø�Z�V�m_��¬Ù·Ú× � Ø�Û5Z �q[�´Õ~ÓjÖ ×_�9Z � ­�WhY�i m8Ó ü Ö Ø��´Z � V�m_��¬Ù·Ú× � Ø�´Õ~ÓjÖ^×_�9Z � ­�WhY�i m8Ó�ü{ÖMØ��´Z � V�m_��¬Ù·Ú× � Ø
×�ØcÙ*Ø,ÚlÛ�ÜDÝ�ÞpÝ�ß"à
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Topic

Event Structures and True Concurrency Equivalences

Whenever a specification should distinguish between parallel and sequential ex-
ecution of actions, the semantics of the specification language that is used for
the specification has to take this distinction into account. For process algebras,
semantics that support this distinction are called true concurrency semantics.
A crucial part of the semantics is to define when two specifications are equiva-
lent. Therefore, a true concurrency semantics needs to be equipped with a true

concurrency equivalence notion that distinguishes specifications also by their
degree of parallelism. An important true concurrency semantics for process al-
gebras are event structures. In [GLGo], [Fe] and [GW] we find the definitions of
many true concurrency equivalences for event structures (and therefore for pro-
cess algebra 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 because they are preserved under all relevant
operators and under action refinement: pomset trace equivalence, causal testing

equivalence and history preserving bisimulation equivalence. As the names al-
ready suggest, pomset trace equivalence is a trace-style linear-time equivalence,
causal testing equivalence is a testing equivalence and history preserving bisim-
ulation equivalence is a branching-time equivalence. All three equivalences are
strictly finer than their interleaving counterpart (but causal testing equivalence
and interleaving bisimulation equivalence are incomparable). For the hierarchy
of the true concurrency equivalences see [Fe] and [GW].

Axiomatizing True Concurrency Equivalences

Two properties of equivalences for processes are in particular interesting.
The first is if there is a finite axiomatization that characterizes the equivalence.
If so, this can be used in theorem proving.
The other is if the equivalence can be characterized by some suitable logic, i.
e. P is eqivalent to Q iff they satisfy the same set of formulas. We are dealing
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with the first property.
For some interleaving equivalences complete axiomatizations were given. See for
example [HM] or [Gl1]. These describe equivalences algebraically and yield a
set of transformation rules that allow transforming process definitions into each
other if and only if they are equivalent. We intend to axiomatize true concur-
rency equivalences. We start with a process algebra containing prefix, choice,
parallel composition, variables and a recursion operator. As event structures
are much more expressive than this process algebra, we first define syntactically
the set of event structures and mappings between event structures that occur as
semantics of these process algebra terms. This set of event structures is called
the set of relevant event structures.
We give a complete axiomatization for pomset trace equivalence for finite rele-
vant event structures.
We also give a set of axioms for history preserving equivalence, weak history

preserving bisimulation equivalence (for the definition see [GLGo], [Fe]), causal
testing equivalence and weak causal testing equivalence (for the definition see
[GW]).
We currently investigate the completeness of these sets of axioms (this is work
in progress) for finite relevant event structures.
We are looking for complete axiomatizations for the general case, which contains
the relevant infinite event structures (this is work in progress).

Algorithmic Treatment of Finite Relevant Event Structures

We investigate efficient algorithms to decide equivalence for finite relevant event
structures. We give a polynomial algorithm for deciding pomset trace equiva-
lence that makes use of the complete axiomatization for the finite case.

Algorithmic Treatment of Infinite Relevant Event Struc-

tures

Process algebra terms that contain at least one recursion operator always yield
relevant infinite event structures as meaning. Therefore the question for check-
ing the equivalence of relevant infinite event structures arises. We give a semi-
decision criterion for the equivalence of relevant infinite 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 makes use of the facts that in our setting causal testing equivalence
is preserved under action refinement and that pomset trace equivalence and his-
tory preserving bisimulation equivalence are congruences for action refinement.
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1 Introduction

The combination of the two well known formal spec-
ification techniques CSP [Hoa78, Hoa85] for specifi-
cation of behavioural aspects of systems and Object-
Z (OZ) [Smi00, Spi92, WD96] for specification of data
aspects of systems into the specification language CSP-
OZ [Fis97] has already been subject of intense research
and is currently further extended by an integration with
Duration Calculus (DC) [HHF+94, HZ97, ZHR91] for
specification of real time aspects of systems. This leads
to the formalism of CSP-OZ-DC [HO02] which gives
rich possibilities to specify any aspect of complex sys-
tems with a suitable formalism in an overall coherent
way.

An important challenge, especially, when trying to
automatically or semi-automatically analyse such sys-
tem specifications is their inherent complexity which
quickly goes beyond the scope of current analysis tech-
niques such as model checking – in spite of the amaz-
ing progress that has recently been done in this research
area.

In order to tackle this problem on a different level
we propose the application of a technique that is al-
ready very long and well known in the area of pro-
gram analysis, namely applying a kind of ’program slic-
ing’ [Wei81, Tip95, HDZ00] to CSP-OZ-DC specifica-
tions. The basic idea is to reduce a given specifica-
tion by eliminating some of its components in such a
way that its semantics remains unchanged w.r.t. a given
property under consideration (the slicing criterion).

This reduction is based on a preceding analysis of the
specification that is very similar to well known program
analysis techniques [ASU97, Muc00, NNH99]. More
specifically, it includes the construction of a specifica-
tion dependence graph which comprises – similar to

∗This work was partly supported by the German Research Coun-
cil (DFG) as part of the Transregional Collaborative Research Cen-
ter “Automatic Verification and Analysis of Complex Systems”
(SFB/TR 14 AVACS). See www.avacs.org for more informa-
tion.

a program dependence graph [HRB90] – all relevant
kinds of dependences that are present in the specifica-
tion such as control or data dependences between spec-
ification elements.

Our current work is a first step towards the goal
of slicing CSP-OZ-DC specifications which is yet re-
stricted to an application to its untimed predecessor
CSP-OZ and accordingly untimed properties that are
expressed in an untimed DC variant called State/Event
Duration Calculus. From this starting point we develop
a slicing algorithm that we show to be correct in the ini-
tially claimed sense, i.e. from the given property’s point
of view the resulting reduced specification exhibits the
same behaviour as the original specification does.

2 Specifying with CSP-OZ

AirCondition

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

main = mode → Work

Work = mode → Work

2 refill → Work

2

„

temp → SKIP
‖| consume → SKIP

«

;

level → work → Work

mode : M ;

[. . .]

Init

¬power

com work

∆(power)

w? : B

work′ = (w? ∧ fuel > 5)

[. . .]

C
SP

part
︷

︸
︸

︷

O
Z

part
︷

︸
︸

︷

Figure 1: Air condition CSP-OZ
specification fragment

We will intro-
duce CSP-OZ by
specifying an air
condition system
as an example. The
system consists of
several components
which communicate
with each other. In
the example spec-
ification we will
focus on the actual
air condition com-
ponent. A fragment
of its CSP-OZ spec-
ification is depicted
in figure 1.

The CSP part of
the specification de-
fines the air con-
dition’s behaviour.
This is done by introducing a set of channels that de-
fine the air condition’s means of communicating with
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its surrounding components. How this communication
looks like is defined in several CSP processes that rep-
resent different communications the controller can en-
gage in. These may be communications together with
or independent of the surrounding components.

The system’s state space, its initial configuration
and operations on the state space are then defined in
the specification’s Object-Z part by so called schemas.
Each schema consists of two parts: The upper part may
contain a list of variables that are defined in the lower
part and a list of channels that are used in the lower part
for incoming or outgoing communications. The lower
part can contain preconditions which determine wether
the associated operation is enabled or not and it can con-
tain equations that describe the effect that the associated
operation has on the state space. Schemas can be con-
nected to communications in the CSP part but they can
also be independent from CSP communications, i.e. the
associated operations are then possible at any time.

3 Constructing the Specification
Dependence Graph

Following the usual approaches in program slic-
ing [HRB90], a necessary precondition is to analyse the
given specification w.r.t. dependences that it contains.
The underlying idea is to be afterwards able to back-
track any specification element that might directly or
indirectly be relevant for components of the property
which serves as the slicing criterion.

Control Flow Graph The first step in constructing
the specification dependence graph is to determine the
specification’s control flow graph which is defined in-
ductively over the structure of the specification’s CSP
part. Nodes of the control flow graph represent single
communications, CSP operators or process calls while
edges of the control flow graph represent the possible
control flow between the nodes they connect.

Control Dependences Based on the analysis of con-
trol dependences between separate specification ele-
ments, groups of control flow graph nodes are accu-
mulated into basic blocks, i.e. groups of nodes which
are not control dependent on each other. Accordingly,
control flow graph edges inside such basic blocks are
removed at this point and edges between basic blocks
are now regarded as representing control dependences
in the sense that the originating node controls the target
node.

Data Dependences The last step in constructing the
specification dependence graph consists in analysing

the specification w.r.t. data dependences between con-
trol flow graph nodes, i.e. dependences due to the defi-
nition of a variable in one node and the subsequent ref-
erence of the same variable in a different node. Two ba-
sic kinds of data dependences are considered: First, di-
rect data dependence which occurs between two nodes
that are directly connected by a path in the control flow
graph from the first to the second node without an in-
termediate node with an intervening definition. Sec-
ond, interference data dependence is considered which
occurs between two nodes that are located in different
branches of a parallel interleaving CSP operator. Data
dependence edges can connect different nodes inside
the same basic blocks as well as nodes that are located
in different basic blocks.

Specification Dependence Graph The specification
dependence graph finally comprises all nodes that were
introduced during the control flow graph construction
and all edges determined during the control dependence
analysis and the data dependence analysis.

4 Slicing
When the previously described preparations have been
performed, the actual slicing of the specification is eas-
ily done: Initially, a set of marked nodes in the speci-
fication dependence graph is determined by analysing
which node has direct influence on the property that
constitutes the slicing criterion. Direct influence is
present if a node’s associated schema name appears di-
rectly in the property or if a node’s associated schema
contains a definition of a variable which appears in the
property.

After this initialisation, the set of marked nodes is
repeatedly augmented with yet unmarked nodes that
are the origin of edges which lead to already marked
nodes. This backtracking is performed until a fixpoint
is reached and the set of marked nodes can not be in-
creased any more by application of this rule. At this
point only some further nodes are added to the set of
marked nodes. These further nodes have certain types
and are located in the same basic block as already
marked nodes. They are so called structure nodes which
are needed to maintain the wellformedness of the spec-
ification slice.

This slice is finally derived from the original specifi-
cation based on the set of marked nodes in the specifica-
tion dependence graph: All specification elements that
correspond to unmarked nodes can safely be removed
from the specification. A last step consists in removing
all variables from the specification’s state space that are
not used inside any schema any more.

In order to formalise this slicing algorithm, as it is in-
formally described here, we first define a formal seman-
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tics of CSP-OZ specifications based on a variant of la-
beled Kripke structures (LKS) [CCO+04]. This is done
separately for the specification’s CSP and for its OZ part
which are then combined by parallel composition in or-
der to give the semantics of the full specification.

Further, we need to formalise the properties which
serve as slicing criteria. To this end we use State/Event
Duration Calculus (SE-DC), a discrete and untimed
variant of DC. With SE-DC formulas we can express
properties of CSP-OZ specifications as well as proper-
ties of the underlying LKS semantics.

Finally, the formalisation of the actual slicing corre-
sponds directly to the informal description given here:
Similar to the way the specification slice is derived from
the original specification by removing certain specifica-
tion elements, the specification slice’s LKS is related to
the original specification’s LKS in that certain states and
transitions are missing that correspond to the removed
specification elements.

5 Slicing Correctness
The presented slicing approach can be regarded as cor-
rect if the following holds: The original specification
fulfils a property if and only if also the specification
slice w.r.t. to this property fulfils this property.

In the correctness proof, which at this point is still
work in progress, we plan to apply two steps: First, a
definition of stuttering equivalence [Lam83] of LKSs
w.r.t. a set of atomic propositions and events is given
and it is shown that the presented slicing algorithm
guarantees stuttering equivalence between the original
specification’s LKS and the specification slice’s LKS
w.r.t. to a set of atomic propositions and events derived
from the property that served as a slicing criterion. In a
second step it is shown that this kind of stuttering equiv-
alence between two LKSs is equivalent to the notion of
correctness that we stated above.

6 Conclusion
This contribution proposes the application of the well
known technique of program slicing in a different area,
namely in the specification of behavioural and data as-
pects of complex systems with CSP-OZ. It is shown
which adaptations are needed when transferring the ex-
isting approaches of program analysis to the new appli-
cation field of specification analysis.

Furthermore the correctness of the proposed algo-
rithm is shown based on a formally defined semantics
of the specification language and an appropriate logic
for expressing specification properties.

Future steps will include the extension of the ap-
proach to timed specifications (CSP-OZ-DC), and tool

support for automatically performing the slicing of such
specifications. The latter will definitely be needed when
dealing with larger case studies that are foreseen in the
project AVACS [AVA04] which forms the overall con-
text of this work.
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M. Schenke, M.R. Hansen, A.P. Ravn, and H. Rischel. Provably
correct systems. In Formal Techniques in Real-Time and Fault Tol-
erant Systems, volume 863 of Lecture Notes in Computer Science,
pages 288–335. Springer, 1994.

[HO02] J. Hoenicke and E.-R. Olderog. Csp-oz-dc: A combination of
specification techniques for processes, data and time. Nordic Jour-
nal of Computing, 9(4):301–334, 2002.

[Hoa78] C.A.R. Hoare. Communicating sequential processes. CACM,
21:666–677, 1978.

[Hoa85] C.A.R. Hoare. Communicating sequential processes. Prentice
Hall, 1985.

[HRB90] Susan Horwitz, Thomas Reps, and David Binkley. Interprocedu-
ral slicing using dependence graphs. ACM Trans. Program. Lang.
Syst., 12(1):26–60, 1990.

[HZ97] M.R. Hansen and C. Zhou. Duration calculus: Logical founda-
tions. Formal Aspects of Computing, 9:283–330, 1997.

[Lam83] L. Lamport. What good is temporal logic. Information Processing,
83:657–668, 1983.

[Muc00] Steven S. Muchnick. Advanced Compiler Design and Implemen-
tation. Morgan Kaufmann, 2000.

[NNH99] Hanne Riis Nielson, Flemming Nielson, and Chris Hankin. Prin-
ciples of Program Analysis. Springer, 1999.

[Smi00] G. Smith. The Object-Z Specification Language. Kluwer Aca-
demic Publisher, 2000.

[Spi92] J.M. Spivey. The Z Notation: A Reference Manual. Prentice-Hall
International Series in Computer Science, 2nd Edition, 1992.

[Tip95] Frank Tip. A survey of program slicing techniques. Journal of
programming languages, 3:121–189, 1995.

[WD96] J. Woodcock and J. Davies. Using Z – Specification, Refinement,
and Proof. Prentice-Hall, 1996.

[Wei81] Mark Weiser. Program slicing. In Proceedings of the 5th interna-
tional conference on Software engineering, pages 439–449. IEEE
Press, 1981.

[ZHR91] C. Zhou, C.A.R. Hoare, and A.P. Ravn. A calculus of durations.
Information Processing Letters, 40(5):269–276, 1991.

3

 73 / 114



uwvyx:v3zb{i|}{i~����iv3~�vyxn�q���X{i�0x:���`����z���|3v7�X��|��^�i|y�:��{�{�x
� ���^�Sv7���iv

�?�#�t�7�Y�����Y�o�?���� ��
¡ ��¢¤£X�#�o���#¥§¦y�#��¨?©�©?ª

«k¬g­�®�¯j°s±5®
²´³-µ�¶k·s¸�¹�º�»�¼�¼
º�³5½¾ºi¿�½ÁÀbÂ�³�Ã#»0¼Ä»�Ã-»�¸h³5½b³#¼Ä·?»�ºiÅ�¼
ÀÆµ�º�¹-Ç�Ç�¹-µ�Ès¼Q¿�ºhÂ�³-¼
·�³-¸�³-½Á½Æ»�½

ºi¹-Ç�·?¹#¼QÀBÅ�ÀÁ¹#µ�ÈIµ�³-Ç�»`·�³#¼Q¼QÀÆµsÉ�³5µ�Ê�µs¹5Å�ÀÁ¹#µ�¼
¹5ËgÌsÀ¾¼ÄÀÆÇ�ÀÁ½¾³5¸�ÀÁÅe¶-Í7Î^¿s¸�É-¹Y³5½�À¾¼
ÅQ¹�ºi¸�»�³5ÅQ»0³
É-»�µ�»�¸�ÀÆº�½ÆÀÁÌs¸h³5¸�¶�ËÏ¹-¸
Å�Âs»�¼Q»mº�³-½Æº�¿s½ÆÀbÀÁµ:ÅQÂ�»m³5¿IÅ�¹-Ç�³jÅ�ÀÆº^ÅQÂ�»�¹-¸�»�ÇÐ·s¸Q¹jÃ#»�¸3Ñe¼Q³-ÌH»�½Á½Æ»-ÈsÅQ¹

Ã#»�¸�ÀBËÏ¶k»�Ò�ÅQ»�µH¼ÄÀÆ¹-µ�¼
¹-Ëo»�ÒIÀÆ¼ÄÅQÀÆµsÉ�º�³-½Æº�¿s½ÁÀ�³#¼
Óy»�½Á½�³#¼�ºi¹#Ç�·�½Á»�ÅQ»�½Æ¶Lµ�»�ÓÔ¹-µs»t¼�Í

 74 / 114



 75 / 114



Õ Ö�×�ØoÙ�ÚkÛ´Ü�Ý3Ø�ÞiÚn×

ß
àsá�âQáqã-âQá�äQá�å-á�â�ã-æ�çQè�è-æ¾ä�ã�åjã5éÆæ¾ã5êsæÆáoçQè�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���ú5þ���� 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#í�ãjçQé¾ð`ã-ä3æÆè-ñsô�ã-ä3ç�àsámã5ô#á�ñYç�ä3ç�àsá'&�ã5â�á
) è-â*"YéÆñsô�è-ñ:à�ã�å-á0ãnï�ñséÁçQámäÄç�ã5çQá0äQë�ã-ð�á-ó+VäQéÆñsô�çQàsá�è-â�á�í ësâ�èjå-á�â�ä�õ-æÆé$"#á-,eäQã-êHá�æÁæÆá.� /��!õIéÁç
é¾ä
ë?è#ä�äÄéÆêsæÆáVç�è�í�è#�Iá�æ�ã-ô-á�ñ#çhä ) éBç�à�éÆñIï0 ñséÁçQá`äeçhãjç�á^äQë�ã-ð�á-ó21�è-â�á�èjå#á�âtõ5éBç
é¾ä7ë?è#ä�äÄéÆêsæÆá�çQè�ë?á�âQìÏè-â�í ësâ�è�è5ì äyè-ñ�ç�àsá�ã#ð�ç�ò�ã5æ�ð�ã-æÆð�òsæÁé
çQà�á�í�äÄá�æÁå#á�ä�ó2,!ç�í&ò�äÄç�êHá0äÄçQâ�á�ä�äÄá	�kç�à�ãjç
çQà�á�äQá�ë�âQèjå#á�âhäyã-âQá�ñsè5ç�ã-òIçQè#í�ã5çQé¾ð435,eä�ã5ê?á�æÆæÆá
ñsá�á6�sä
ç�è�êHá87Qà�ã5ñ���àsá�æ9�0:�ç�è�ã�æÆã-âQô#á;�Iá�ô-â�á�á`ã5ñ���ç�àsá`ç ) è�í�áiç�àsè#�sä ) è-òsæ<�:ðiè-í�ësæÆá� í�á�ñYç�á�ã#ðhà�è-çQàsá�â�ó
= ñsá�è5ì�ç�àsá�í�ã-éÁñ�ô-è#ã-æÆä&è5ì�ç�àsá:ësâQè�>eá�ðiçné¾ä&ç�è�í�ã?"#á�ã ô-á�ñsá�â�éÆðkæÁéÆêsâhã5â*&SéÆñ@,eä�ã5ê?á�æÆæÆá
çQè�â�á�ã#äÄè#ñ ) éBç�àA�sé�B�á�â�á�ñYç�åjã5â�éÁá�çQéÆá�ä3è5ìoësâQèIð�á�ä�äyð�ã5æ¾ðiòsæÆéC35�sé�B�á�â�á�ñYç�ð�ã-æÆð�òsæÁébè-ì)çQá�ñ�à�ã�å#áã-äQë?á�ð�çhä�éÆñ´ðiè#í�í�è#ñ�õ?äQò�ðhà´ã#ä�ë�ã5âhã5æÆæÆá�æ2ð�è-í�ëHèYäÄéÁçQéÆè-ñ2õ�ñ�ã-í�á&ë�ã-ä�äÄéÆñsôLã-ñ���ñsè-çQéÆè-ñ�ä�è-ì
êsé¾äÄéÆí�éÁæ¾ã5â�éÁçD&-ó-E éBç�àSãLô-á�ñsá�â�éÆð&æÁéÆêsâhã5â*&�éÆñ�,eäQã-êHá�æÁæÆá-õ�ñsá ) è-ë?á�âhãjç�è-âhä�è-â�á�å#á�ñ´á�ñYçQéÆâQá�æ$&
ñsá ) ð�ã5æ¾ðiòsæÆé�ðiè#òsæ9��ê?ámã��0�Iá	��ã5ñ���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
àsá�è-ë?á�âhãjç�éÁè#ñ�ã5æ�äQá�í�ã5ñYçQé¾ð�äX á'Ysðiá�ësçoìÏè#âgâQá�æÆã-êHá�æÁæÆéÁñ�ô[ZXà�ã-äoê?á�á�ñ�ã��0�Iá6��ã-äoà�ã�å#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�ã�ðiè-ñ�ô-â�òsá�ñ�ð�á-ó

]�^`_ acbRd-e4f�e�gih0j�blknmobqp0rTh0fDkse4rut.v[bxwirueyh0f`zRv
ß
àsá�è#ëHá�â�ã5çQéÆè-ñ�ã-ægäQá�í�ã-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 ~ éÆäVã5ñ�ã-ð�ç�éÁè#ñ�õsã5ñ(� {o� é¾ä�ã-ñ ~  ��sá�â�éÁåjãjç�éÁå#á`è5ì { ón�7å-á�â�&�â�òsæÆá�éÆñ:çQàsá
è-ë?á�âhãjç�éÁè#ñ�ã5æ?äÄá�í�ã5ñYçQé¾ð�äyéÆäyò�äQá6�kã#äyã-ñkéÆñ��Iò�ðiçQéÆå-á�âQòsæÆá�ìÏè#â7ç�àsá`äÄá�ç ) éÁçQàLçQàsá^ê�ã-äQá^ð�ã-äQáè5ì�çQàsá�äQá�í�ã5ñYçQé¾ð�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
]�^|] ��bxrT�sbxe4f�e�gih0j�b�h�p�r2e�v�f�h0fDkse�v
ß
àsá0è#ëHá�â�ã5çQéÆè-ñ�ã-æ?äQá�í�ã5ñYç�éÆð�ä��Iá�ä�ðiâ�éÁê?á6�:ã5ê?èjå-á�é¾ä�ò�äQá6� ) àsá�ñ8�Iá�ï�ñséÆñsô�äeç�âQè#ñsônê�éÆäQéÁí. éÆæÆã-âQéÁçD&-óA,�ñ�è-â%�Iá�â`çQè��IátäQð�âQéÆê?á ) átã?" êséÆäQéÆí�éÆæ¾ã5â�éBçD&Sã5ñ��§á	\#ò�éÁåjã5æÆá�ñHðiá�ç�àsá�çQâhã5ñHäÄéÁçQéÆè-ñ�äí&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 ���q� ã5ñ(� ��q� â�á�äQëHátð�çQéÆå-á�æ$& ) à�á�â�á ��q�
äQëHátðiéÁï�á�ä`ãjç0æÆá�ã#äeç^çQàsá��� �ã-ð�ç�éÁè#ñ�ä�èIð�ðiò�âQâ�éÁñ�ôLéÆñ ~ ã-ñ�� ���q� äQëHátðiéÁï�á�ä�ñsè-çQàséÆñsô�ã5ê?è-òIç
çQà�á��� �ã-ð�ç�éÁè#ñ�ä�èIð�ðiòsâ�âQéÆñsô�éÆñ ~ � ���!óVß
àsánè-ë?á�âhãjç�éÁè#ñ�ã5æ2äQá�í�ã-ñ#ç�éÆð�ä�ìÏè#â�çQà�ámç ) è�çQâhã5ñ�äQé� çQéÆè-ñHä^ð�ã5ñ´ê?ámìÏè#òsñ��´éÆñ�çhã5êsæÆá.�só^ß
àsá6&�ã-âQá&í�è#�Iá�æÁæÆá6�´éÁñ�,eäQã-êHá�æÁæÆá&ò�äQéÆñsôkéÆñ��Iò�ðiçQéÆå-á�æ9&
�Iá�ï�ñsá6��äQáiçhäy3V>eò�äeçVã#ä3çQàsá0â�á�ô#òsæ¾ã5âyçQâhã5ñ�äQéBç�éÁè#ñ:ä�&Iäeç�á�í�ó
]�^|� ��f`v�f�w��4t`r�h0f`kse�rue4��z!kse4gnp��4bxe4z!bxv
ß ) è´ësâ�è�ð�á�ä�äÄátä&ã-âQáLä�ã5é<�§ç�è�ê?áLêsé¾äÄéÆí�éÁæ¾ã5ânéBìVçQàsá6&§ð�ã5ñ�í�éÆí�éÆð�á�ã#ðhà è5çQà�á�âhä&ã-ðiçQéÆè-ñ�äéÆñ��IáiïHñséBç�á�æ9&-ó ß
àsá�ê�éÆäQéÁínòsæ¾ãjçQéÆè-ñîâQá�æÆã5çQéÆè-ñ�ä�ã5â�á�ðiè� \éÆñ��Iò�ðiçQéÆå-á�ã-ñ�� ã-âQá´á'Y�çQá�ñHäÄéÆå-á�æ$&

�

 76 / 114



�T�?�0�9 5¡�¢s��£� o¤�¥C '¦%��§�¨9¤�©(�?�qª� '«5�?©[§�¨<¬'ª�­®¤�¦;¯�¯�°A�?©�±A§*£0 V¬�¤�©�ª`§�¦*²�¬³§*¨$¤�©A¦*²0�9 6ª�­®¤�¦�§�£0 
¨9©�±#²�¬�§�¨9´� '�9µW±# �¶�©� 6±�ª� �§6·A��£0 ¸ª�µ�«.«� '§�¦*¨9¬�´� '¦%ª`¨9¤�©�ª5¹º¤?­�§�£� »¦�²��$ 	ªo«5�?¦*¼� 6±�½�¨$§�£@¾'¿
£��À´� ��C ' 6©A 6�$¨<±# 	±R·

Á ¥( 6¦*�?§�¨9¤�©����Rª` 6«���©[§�¨<¬'ª ÂDª*�?�C '�9�$ -¦* '¥0¦* 6ª� '©[§%��§�¨9¤�©
Ã Ä¸Å?Æ'Ç È#É ÊÌËÍ6Î Ê ¹|ÏsÐ Ñ�Ò�ÏyÒ�ÑV¿�ÓÕÔ�Ö�×|Ø%Ù!Ú'×
ÃÜÛqÝTÞWÇ ÊßËÍ	Î ÊqàÊqáqâßËÍ6Î Ê à ¾ ¹|Ñ�Ò�ÏyÒ�Ñoã�¿�ÓÕÔ�Ö'×ºØ%Ù!Ú'×näqåæ¹ºÑcçéè�Ò�ÏyÒ�Ñoã<¿�Ó�Ô�Ö'×ºØ%Ù!Ú'×
ÃÜê�ëCÞWÇ ÊÌËÍ6Î ÊqàÊnì âßËÍ6Î Ê à ì â ¾ ¹|Ñ�Ò�ÏyÒ�Ñoã�¿�ÓÕÔ�Ö'×ºØ%Ù!Ú'×näqåæ¹ºÑ»í è�Ò*ÏsÒ*Ñoãîí èV¿�Ó�Ô�Ö'×ºØ%Ù!Ú'×
ÃÜê�ëCÞÕï	Ç Ê ËÍ6Î Êqà�âñðËÍ	Î âxàÊnì âóòÍ6Î Ê à ì â à ¾ Ã ¹ºÑ�Ò*ÏsÒ*Ñoã<¿�ÓÕÔ�Ö�×|Ø%Ù!Ú'×³ô6¹|è5Ò�õÏyÒ*èoã<¿�ÓÕÔ�Ö'×ºØ%Ù!Ú'× Ç äqå

¹|Ñ»í è�Ò�ö0Ò�Ñoãîí èVã9¿�Ó�Ô�Ö'×|Ø*ÙRÚ�×
Ã ÷¸ø�ù�Ç ÊßËÍ	Î Êqàú9û%ü[ý Ê ËÍ	Î ú9û%ü[ý Ê à Ï�þÓ�ÿ��nÒ

õ��� Ã ¹ºÑ�Ò*ÏsÒ*Ñ ã ¿�ÓÕÔ�Ö�×|Ø%Ù!Ú'×³ô�Ï�þÓ�ÿ��sÒ õ��� Ç äqå
¹��R¹���¿`Ñ�Ò�ÏyÒ��R¹���¿DÑoã|¿�ÓWÔ�Ö�×|Ø%Ù!Ú'×

�T�?�0�9 
	#¢n��£0 -¤�¥( 6¦*�?§�¨9¤�©����R¦�²0�9 6ª�­®¤�¦
È
äqåó�?©(± �

È
äqå ·

È
äqå � Ê ËÍÀÎ ÊqàÊ Ë


��
Ê à Ê Ë


��
Êqà Êqà�ò


��
Ê à àÊ Ë


��
Ê à à Ê ò


��
Êxà ÊqàsË


��
Ê à àÊ Ë


��
Ê à à

�
È
äqå � Ê��Ë


��
Ê Ï�ä ö Ê Ë


��
ÊqàÊ��Ë


��
Ê à

¬�¤�´� '¦* 6±�¨9© Ã ��Ç · ÂDª*�?�C '�9�$ 8ª�²0¥0¥C¤�¦�§*ª.�C¤?§�£ ¨9©�±#²�¬�§�¨9´� 6�$µ@��©�± ¬�¤��î¨9©�±#²�¬�§�¨9´� 6�$µÕ±# '¶�©0 	±
ª� �§*ª�ª�¤.¬'¦� 	��§*¨$©��.¬�¤��î¨9©�±#²�¬�§�¨9´� 6�$µ5±# '¶�©0 6±Aª� �§*ª�¬'¤�©[§*��¨$©0¨9©���§�£0 �§�²0¥��$ 	ª�¤?­����$�!�0¨<ª`¨9«�¨$�<�?¦
���� '©[§*ª�¬�¤�«� 6ªy´� '¦*µ.©���§*²0¦*���|·u��£0 �½��Àµ.§*£0 'µ»��¦� �¦* '¥�¦� 	ª` 6©�§* 6±»¬6�?©»�C �­®¤�²0©�±¸¨$©¸§*���0�$ 
� ·
��£0 ;¥0¦*¤[¤�­ºªn§*£���§�£��À´� ��C ' '©K±#¤�©0 ;ª�¤V­º��¦��?¦* �§�£(��§�ªD§*¦�¤�©����0¨<ª�¨$« ²0�9�?§�¨9¤�©»¨<ª�� ¬'¤�©���¦�²��
 '©(¬� ���§�£(��§V¨<ªV�?©W ��[²0¨9´��?�9 '©�¬' �¦� 6�9�?§�¨9¤�©W�?©�±Wª�²0��ª`§�¨$§�²#§*¨$´� 5²0©�±# 6¦��?�9�s¬�¤�«��0¨9©��?§�¤�¦%ª6·
�� ��?¦* 4���9ª�¤V¤�©� �§�¦%�?©�ª�¨$§�¨9´[¨$§Dµ�¥0¦*¤[¤�­qª`£0¤�¦`§y¤?­q¥0¦*¤�´�¨$©��-§*£���§� ��[²0¨9´��?�9 '©�¬' 4¨<ªs��¬'¤�©���¦�²��
 '©(¬� �·s°#¨$©�¬' -�0¨9ª�¨9«�²0�<��§*¨$¤�© ¨<ª���¬�¤���¨9©�±#²�¬�§�¨9´� -±# �¶�©�¨�§*¨$¤�© §*£0 o¥0¦*¤�¤?­ºª�£��À´� ;�C ' '©K«5��±0 
��µ�¦* 6��ª`¤�©0¨$©��-���(¤�²#§n§*£0 ���¦* 6�?§� 	ªD§2¶��# 6±�¥C¤�¨9©[§�� ��±�±#¨$©��V�?�9�0¥(¤[ª�ª�¨9�0�$ �±# '¦*¨$´��?§�¨9´� 6ª2¤�­q�
¬�¤�«��0¨9©��?§�¤�¦T§*¤�§*£0 ��0¨<ª`¨9«�²��9�?§�¨9¤�©.¦� 6�9�?§�¨9¤�©�ª`£0¤�²0�<±�¥0¦* 6ª� '¦*´� y§�£�  ��¦� 	��§* 6ª`§T¶��� 	±�¥C¤�¨9©[§6·
�� 6�?¼¸�0¨9ª�¨9«�²0�<��§*¨$¤�©A¨<ª�©0¤�§4�.¬'¤�©���¦�²� '©�¬' ;��ª�§�£0  ÛxÝ�Þ ¦�²��$ o�0¦* 6��¼#ªs§*£0¨<ª�¥0¦* '«�¨9ª� �·
!#"�$ %�&�'(&*)�+-,/.0)�1
��£0 2��¤����0¤?­R§*£0¨<ªs¥0¦*¤�3D 	¬³§s¨<ªu§*¤�«5�?¼� 4�4�� '©0 6¦�¨<¬��9¨$�0¦%�?¦*µV­®¤�¦s¦* 6��ª`¤�©0¨$©��V�?�C¤�²#§�¥0¦�¤#¬' 6ª*ª
¬'���9¬'²0�9¨[¨9©�ÂDª*�?�C '�9�9 �·5�c£(��§2«.¤[ªD§2©0¤�§*�?���$µ-¨<ª��<��¬%¼�¨9©��4�?§�§*£0 y«�¤�«. 6©[§T¨<ªT©��?«� s¥(��ª*ª`¨9©���·
��£0 �©0 6��§Aª`§� 6¥ ½�¨9�$�;�( �§�¤é 6��§� 6©�± §�£� ��9¨$�0¦%�?¦*µé§�¤Õ¨9©�¬��9²�±# �§�£� 879��¬'�?�<¬�²��$²�ª Ã :�Ç�; �
¬'���9¬'²0�9²�ª�­®¤�¦�«�¤���¨$�9 -¥0¦�¤#¬' 6ª*ª` 	ªy½�£�¨9¬%£Kª`²�¥0¥(¤�¦`§%ª�§�£0 o¥(��ª*ª`¨9©���¤?­T©��?«� 6ª���¬�¦*¤�ª*ªs�9¨9©0¼#ª'·
<� 6¥0¦� 	ª` 6©[§�¨9©���§�£0 =79��¬'�?�<¬�²��$²�ª��C 6¬'¤�«� 6ª�¥�¦�¤��0�$ 6«5��§�¨<¬K��ª5Ï5�î >�[²0¨$´����$ 6©�¬� K£���ª.§�¤W�( 
§*��¼� 6©Õ¨$©[§*¤���¬6¬�¤�²�©�§	·�°�¤�«� ¸½�¤�¦*¼�£���ª ���$¦* 6��±#µ��C ' 6©@±#¤�©0 ¸¨9©�§�£�¨9ª��?¦* 6�K��µ?<
@¤[¬%¼[�
�?©(±BA�¨9¦*ª*¬%£0¼�¤�C Ã D6Ç ��©�±�¬'¤��9�9���(¤�¦*�?§�¨9¤�©K½�¨�§*£�§*£0 '« ¨<ª�²0©�±# 6¦�½��Àµ�·E�� ��?¦* �¬'²0¦�¦* '©[§*�$µ

�

 77 / 114



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}
~���} ���� }4~ �������(� ~�� � ��a��� ~ � ~�h�}4~e���z9{ � ~ � ��a��� ~ �a����� }4~���} ��a� }4~ � ~�h�}4~\���|v�� � h�}

q x y z|{H} ~ ��} ���� } ~ �������(� ~ � � ��v�� � ~ � ~ q } ~ ���
z9{ � ~ � ��a��� ~ �a����� }4~���} ��v���}4~ � ~ q }4~\���|v�� � q }

v x y z|{H}
~���} ���� }4~ �������(� ~�� � �v�� � ~ � ~ q }4~e���z9{ � ~ � ��a��� ~ �a����� }4~���} �v���}4~ � ~ q }4~\���|v�� � v�}

JLQtQ]n�S\T�dBG�Wg���=R�`pKuW�`
I����oG�I�I�G���y 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�w�§¨_�Kuk�G�WpW�Kuf£¢(W�` O�G�Y]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�­ � Mt��N�Ã�Ä�ÅlÆ(Ã�Ç�Ç�j�­�Ç]È�É�w
y Ê��
¹�G�T�P6K*¤mJ\K>G�Y�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�Û�Ó�Ü�¿Lj�­>Ã � ­>�6N M]Ä�Æ�Ý�Ê(ja­�Ç]Ç�M�w

y Ml�
�?wmË�w �oG�I�I�G��]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�äåÐ�Ü�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�Ü�ä�Õ�Ò/Ñ�Òaï¥ÁêÕ�Òaîuí(Ð�ÐXë6Ò9î6Ûlwm«êc�KuTtWXSeP6KuRðº2G�JLJ�j�à�T�P�w\j�­>Ç�È]Ç�w
y Ã��
¹ Q�I�S\T��¥S\JLT�K�c�j Ë�QtG�P¡O�SLfñ«�G�cXc�Qlk4j�G�T�Uò·2G�Y�SeUß»�G�JLn�K�c�w?§óPuG�JLPuV�J\V�`^Q�_*f£Q�I�SLJ\K

¢�c�Q�PuK�`�`pK>`uj�S�ô�SLS�w0õ6Ò�ì6¿ ÁêÕl×*öaí(Ü�¿Lj5­>Å�Å � ­>�6N\­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#õ�ÓuÑ�ù¡ë6úåúLë�û(üiý0ØêþmÑoö9ÐXÕ�Õpì^Ñ�Ó¡Ó�äeÓ�ÜðÑ�Ò�Ü

ì6ÕlÐEã(ä[Ö>ã�ë6Ð�æpÕ�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�Í�w�§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>U�`X��TtW�Gl® G�T�G�J\�(`XSL`�w½¾(Õlí(Ð�Ò9Ñlú*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 ·EG�YtSeU�·*SLJ\J�j K�U(S\WXQ]c�jgÁ�À�
�� 
���þ¨ÁêÕl×*öaí(Ü�ë6Ð À2ä�ï�ë¡ï�
aë6Ð�ä ç î�Ñ�Ü�ä�Õ�Ò�j
Y�Q]J\V�f£K*È�­�ÈoQ�_HØ5ë¡îuÜ�í(ÐXë��gÕlÜ�ë�Ó�äåÒ�ÁêÕl×*öaí(Ü�ë6Ð2Ù9îuä�ëuÒaî¡ë6jt¢�G�d�K�`0ÉtÊ�È�ÆtÉ]É]Å�wlª(¢�cXSLT�d]KucXR
ÿ�Kuc�JLG�d�j|­>Ç�Ç�É�w

Ã

 78 / 114



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

�+�P�r���{�y�Y�
�����l�G���0�y�������T���_���������Y�t�Y Y¡��t��¢_£N¤w Y¡4 T�G¥;���������t�0�j¡/�y�����9 Y¤¦¡��r�T�y���j¡1���Y�y�T�y�j�Y�0�1�� §��¢y�
���r�����¨���� Y¤©knuªm«e��4kni�hjo�q¬uªknu®­jo9q/x{qlk;elmfq/¯±°1 Y¡��«��²��0³r�t´_³r�Y���tµY¶�·��±���0��³l¡��t¸��¦�+²y¡� G³l�0�y��¡��f¤w Y¡
���y¤w�r¡�¡/�����1��µG�����0£«�f��¢y�j�¦³r�Y�9¸J�+���0��³l¡���¸J�0��¸Zµ¹elvjero_knºDi�e�»�­ji��juªoZ¼dhY½Gk¾­Ym±hTk¾h�¸�µ��Y��¿G�����À�
���0Á����0�y³l�� Y¤X£«�0£�¸��r¡���¢_�t²ÂÁ����r¡��t�0�ÄÃn�� ��0�6��¢�����µG�����0£(�Y³r³l�r²y���f�T�tÅY�0�+����£±�0�+·~ Y¡/��Æ&Çf�Y�_�
�0Á��y�tÅj�Y�t�0�y³l�±Á����r¡��t�0�«Ãn�����O¢Bµ�²� Y��¢��0���tÈr�0�����0��³l¡��t²y���t T�À�0Á��y�tÅj�Y�t�0�Z���� 1��¢��«³l Y¡�¡��0³l�� T���&Æ&Ç/¯
ÉÊ����¢�� �¨��¤w�r¡�¡��0�����0��³l¡/�t²y���t T��¶X�����j���0�	�j¡��Â�����0�Z���t´y�0�Ë¸�µ����0Á����0�y³l�0�	 Y¤6��µ�£	¸� T������ Y�Y�r��¢��r¡
·�����¢±����£«���y�Ì����¤ª Y¡�£«�j���t T��¯PÍ�¢������y£	¸��r¡= Y¤Î£±�0£	¸J�r¡/��¢y�t²«Á����r¡��t�0�*���=²� T�tµG�� T£«���Y�¨�tµ����±��¢y�
¡��r�T�� T�O�Y¡��j²_¢O�Y�y�4������¢��Ì¸_���Y�Y�0����³l T�y�����Y�Z�� Y¤���¢��Ì�Y���� T£ �j�� T�4��  ���0�j¡���¯

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

 79 / 114



Comparative Linear-Time Semantics on Action-Labelled

Continuous-Time Markov Chains

Verena Wolf†, Christel Baier‡

† University of Mannheim, D-68131 Mannheim, Germany, vwolf@pi2.informatik.uni-mannheim.de
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Extended Abstract: Comparative linear-time semantics like (maximal/finite) 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 process algebras

[BG96, Hil96, NGR92]. Similar to probabilistic processes, transitions occur with a certain prob-

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

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

continuous-time Markov chains, a standard model used in performance analysis [Ste95].

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

not yet been defined and analysed in this way. Although in many cases equivalences based on

the linear-time structure provide the best abstraction for verification purposes, most work on

stochastic extensions of labelled transition systems is restricted to equivalences based 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 considering the

following experiment:

Intuitively, two aCTMCs are considered as ”equal” if they can not be distinguished by observing

the sequence of performed actions (trace) in infinitely many runs. Assume that an aCTMC M

is modelled as a 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 residence or sojourn time of a state is the time the process spends in this state.
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• the first display shows the action currently performed by M ,

• the second display shows the absolute time since the beginning of M ’s current run,

• the button resets the 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

infinitely many runs the probability of each possible observation can be calculated: Let O be

the set of all possible observations and PrM(o) the probability of observing o ∈ O during a run

of M . For aCTMCs M,M ′ define

M ∼ M ′
⇐⇒ ∀o ∈ O : PrM (o) = PrM

′

(o).

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

considering slight 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 PrM (a0, t0, a1, t1, . . . , an, tn) is the

probability to observe the action sequence a0 a1 . . . an where a0 is performed in [0, t0] and

ai is performed within x ≤ ti time units after the occurrence of ai−1, 1 ≤ i ≤ n 2.

2. Suppose that when the reset button is pushed the time display shows the time instant where

the last action of the trace was carried out by the process and no further information is

given by the time display. Then O = (Act)∗ × R≥0 and PrM(a0, a1, . . . , an, t) is the

probability that the trace a0, a1, . . . , an is performed within t time units.

3. Consider slight variants3 of PrM(o) for the cases 1./2.: (i) In case 1 the observer records

the information on the time display at some arbitrary time instant between the occurrence

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

the occurrence of two successive actions ai−1, ai (beside the condition x ≤ ti) by requiring

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

remains in the state reached via ai at least ti−x time units. (ii) Consider a similar variant

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

PrM (a0, a1, . . . , an, t) be the probability 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 extension of failure and readiness equivalence [DTH92, vG90].

Relationships between semantics that identify processes with behaviour ”equal” on a certain

level of abstraction turned out to be helpful for verification purposes. Hence, we examine if one

equivalence relation makes (strictly) more identifications (is ”finer”) on aCTMCs than another.

Our contribution consists of the following three results:

2The probability of performing ai exactly ti time units after ai−1 equals zero, so the cumulative probability is

considered similar to the operators in the continuous stochastic logic describing transient properties [BHHK00]
3This definition of Pr

M (o) is similar to the definition of transition probabilities widely used in performance

analysis [Ste95].
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• Case 1. is finer than case 2.,

• Case 1. is equal to case 3.(i) and 2. is equal to 3.(ii).

• Failure and readiness equivalence coincide in the stochastic setting (as in the discrete-time

case but opposed to the nonprobabilistic case), but finer than case 1. (2. resp.).
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A Robust Interpretation of Duration Calculus
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As embedded systems become more and more complex, early availability of
unambiguous specification of their intended behaviour has become an important
factor for quality and timely delivery. Consequently, the quest for automatic
analysis methods for specifications arises. This quest becomes even more pro-
nounced if specifications are to be formal, because formal specifications are often
found to be particularly hard to write and maintain, such that decision proce-
dures for entailment between specifications, satisfiability of specifications, etc.,
may be extremely helpful in their design process. The price to be paid for such
procedures is, however, a firmly constrained expressiveness of the specification
formalisms: one has to sacrifice all elements that could give rise to undecidability.

However, the logically motivated notions of entailment between specifica-
tions, satisfiability of specifications, etc., have often been criticized from an
engineering standpoint, as their validity or invalidity 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
these constants 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 considered questionable. Based on this insight, re-
search has in recent years addressed more “robust” notions of property satisfac-
tion, where a property is considered to be “robustly (in-)valid” iff it does not
change its validity under small variation of constants and/or values of variables
[GHJ97,Pur98,Frä99,AB01,Frä01,Rat02a,Rat02b]. The ultimate hope is that,
besides being more relevant to engineering problems, such robust notions en-
hance decidability as, e.g., existence of non-computable reals cannot influence
their validity.

With respect to embedded system design, such robust properties have by
now mainly been investigated in the automata-based modeling context. Starting
with Gupta’s, Henzinger’s, and Jagadeesan’s [GHJ97] as well as Puri’s [Pur98]
investigation of timed automata, the idea has been to exploit topological proper-
ties of systems in 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. Fränzle introduced a variant thereof in [Frä99] by apply-
ing the concept to decision problems about hybrid automata instead of reach-set
computation, e.g. invariance of a first-order property over hybrid states [Frä99]

? Email: mf@imm.dtu.dk; Phone: +45-4525 7512; Fax: +45-4593 0074.
?? Email: mrh@imm.dtu.dk; Phone: +45-4525 3727; Fax: +45-4593 0074.
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or progress [Frä01], thereby obtaining decision procedures that succeed in all ro-
bust cases, even such which are undecidable wrt. non-robust notions of property
satisfaction.

Independently, constraint solving technology for numerical constraints over
the real numbers was developed that has perfectly corresponding properties: one
can solve otherwise undecidable constraints (containing functions over the real
numbers other than polynomials) , provided they are robust, in the sense that
their solvability does not change under small perturbations of the constants the
constraints contain [Rat02a,Rat02b,Rat02c]. Even in cases where constraints are
decidable, robust constraints can generally be solved much more efficiently.

In this talk, we unite above two lines of research by addressing logical 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 equivalence to a multi-valued interpretation that uses the real numbers as se-
mantic domain and assigns Lipschitz-continuous interpretations to all operators
of DC.

We define a formula φ to be robustly valid iff not only φ itself is valid (in
the classical sense of DC), but there additionally is a real number δ > 0 such
that all formulae φ′ that differ from φ only in a change of constants of up to
±δ are valid (again in the classical sense of DC). The fundamental idea of the
multi-valued semantics, on the other hand, is to assign to each (sub-)formula φ
and each valuation σ of its free variables a real number MV [[φ]](σ), where

– the sign of MV [[φ]](σ) signifies whether φ is satisfied by σ or not, and
– the magnitude ofMV [[φ]](σ) corresponds to the maximum permissible change

of the constants occurring in φ that keeps φ’s satisfaction properties over σ
unchanged.

I.e., if |MV [[φ]](σ)| = c then all formulae φ′ that differ from φ only in a change
of constants of up to ±c correspond to φ wrt. σ in so far as either both φ and
φ′ are satisfied by σ, or both are not. Intuitively, |MV [[φ]](σ)| is the robustness

margin of φ wrt. σ, such that the multi-valued semantics and the notion of robust
validity are in direct correspondence.

An analysis ofMV [[φ]] reveals that the multi-valued semantics assigns Lipschitz-
continuous interpretations to all operators of DC. This Lipschitz-continuity pro-
vides a handle for a plethora of approximability results. I.e., unlike the classical
two-valued interpretation, truth values in the multi-valued interpretation can
be approximated in various ways, some of which are algorithmic. In particular,
there is a discrete-time approximation of the multi-valued dense-time interpre-
tation of a formula. As interesting subsets of DC are decidable over discrete time
[Han94], yet undecidable over dense time [ZHS93,ZH04,Frä04], this can provide
novel approaches towards tool support for dense-time DC.
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[Frä99] M. Fränzle. Analysis of hybrid systems: An ounce of realism can save an

infinity of states. In J. Flum and M. Rodŕıguez-Artalejo, eds., Computer
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Abstract

Encapsulation in object-oriented languages is understood to mean hiding the internal
representation and forcing the user to access the maintained data through the public interface.
The problem is that via the public interface, one can import and export references to parts of
the internal representation. In current OO languages, this problem is not tackled.

One can seek the solution from two directions: (a) Avoiding to provide a reference to
an internal part, or (b) making sure that through additional references to the internal repre-
sentation, one cannot break invariant conditions. Consider a binary search tree and the very
natural operation of giving out access to the left subtree. Following (a) would mean that
either a copy of the whole left subtree is made, or one cannot have a reference to the left
subtree. Neither of the solutions seems acceptable.

We follow the other path, and consider sharing references safely to be desirable. Sharing
is a fundamental programming concept in object oriented software design, and one should
not try to avoid sharing but rather to control the possible effects caused by sharing. Pre-
viously Kniesel and Theisen [1] have considered this problem and studied extending Java
with transitive read-only restriction to references. Their solution is static in the sense that
compiler can check the correct usage of transitive read-only references at compile time.

We have implemented a much more general extension of protective references and im-
plemented it with respect to the forthcoming Java 5.0. In our extension, one specifies objects
to have named abstract properties (following [2]). Methods are specified to have an effect
to some of those abstract properties. There is also a way to express whether a method ex-
poses a reference to some internal part. The type system is then extended with expression
immu(<regexpr>) X, where a regular expression characterizes those abstract properties
that are protected from the transitive closure (reached via reference of the base type X).

In our implementation, the immu-expressions can be applied to any type expression,
even to type parameters of generic classes. Basically each immu-expression corresponds
implicitly to a certain kind of supertype of the base type. Thus, the checking of object
integrity, when properly using protective references, reduces to type checking that can be
done at compile time.

We have implemented such type type checking mechanism of the modified Java 5.0. With
our constructions, it is possible write such a class representing binary search tree that it is
safe to give out references to e.g. the left subtree. By safety we mean that via such references
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one cannot break the order invariant of the whole binary search tree. Our implementation
essentially provides one implementation for the ideas of [3].
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In this paper we compare two interpretations of Abadi and Cardelli’s first-
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
interpretations are related and a self-application semantics gives us a 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.

This paper is based on work reported previously in [5]. However, we also com-
pare self-application to split method interpretation, and give more (Haskell)
examples of Freyd’s direcursion applied to object types.
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Abstract

Distributed applications such as critical infrastructure are naturally modeled by con-

current objects. However, current object oriented programming languages do not capture

the distributed setting equally well, resulting in low-level and error-prone programs. Reas-

oning about concurrent programs in these languages is at best very challenging.

Intuitive high-level programming constructs are needed to unite object orientation and

distribution in a natural way. The Creol language attempts to address this issue. In this

paper, we show how a proof system for Creol programs may be derived from Hoare rules

for standard sequential programming constructs, capturing the highly non-deterministic

behavior of distributed concurrent objects

Object oriented languages may be critisized 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 file sharing, at a high level of abstraction.

Furthermore, the current model of concurrency found in languages such as Java makes
reasoning about code very challenging [1]. Intuitive high-level programming constructs are
needed to 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
release points and a notion of asynchronous method calls. A concurrent object has a dedicated
processor for local computations. This allows Creol programs to be highly non-deterministic,
reflecting the non-determinism of the distributed system, and very flexible with regard to the
order in which computations are preformed. Still, Creol programs are fairly intuitive and easy
to understand, avoiding explicit scheduling and low-level signaling mechanisms in the code.

Processor release points are used to influence the implicit internal control flow in the ob-
jects. This reduces time 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 semantics defined in rewriting
logic [9], in which method calls are reflected by pairs of asynchronous messages [5,7], allowing
message overtaking. 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 needed in 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
defining potential processor release points by means of inner guards in method bodies.

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

1
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processor release points and asynchronous method calls into the sequential setting. For reas-
oning purposes, objects are extended with local variables reflecting the non-deterministic
interleaving of object activity. The derived rules are sufficient for partial correctness reas-
oning. The approach extends to parallelism by the representation of finite communication
histories as local program variables, and a rule expressing that different local communication
histories are compatible [10,11]. The representation of communication in history variables res-
ults in a compositional proof system: for reasoning purposes it is sufficient to consider one class
at a time. The approach is object oriented in the sense that local program variables are 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 specification of observable object behavior, following a
specification style and refinement relation based on observable behavior [5, 7].
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Optimal Scheduling and Priced Timed Automata
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Abstract

Recently timed automata technology has been successfully applied to
the modelling and solution of several real time scheduling problem. Com-
pared with traditional approaches – such as LP and MILP – the use of an
automata based approach makes it much simpler to model complex logical
constraints. Also the solution method – based on reachability analysis and
model checking – seem very different (and efficiency-wise incomparable)
to traditional approaches.

In order to address optimal scheduling problems the basic timed au-
tomata model has been extended with one additional continuous variable
– cost – which may grow with different rates in different locations.

In the talk we shall introduce investigate the resulting model Priced
Timed Automata. We shall review the first positive results for this model,
namely computability of optimal reachability as well as datastructures
allowing for efficient computability. Also, we present ongoing work on
optimal infinite schedules as well as optimal dynamic scheduling using
Priced Timed Automata with controllable as well as uncontrollable tran-
sitions. To address the ever-present problem of state-explosion a notion of
refinement between Priced Timed Automata is introduced allowing (opti-
mal) scheduling problems too complicated for analysis to be replaced with
simpler and more abstract ones.
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Abstraction Based Analysis and Arbiter Synthesis:
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Abstract

The work focuses on the analysis of an example of synchronous systems contain-
ing FIFO buffers, registers and memory interconnected by several private and shared
busses. The example used in this work is based on a Terma radar system memory inter-
face case study from the IST AMETIST project [1].

More general application domain of this work is targeted at abstraction and analysis
methods that enable to extract scheduling problems from an attributed component mod-
els. An overview of the component model of the memory interface board is given in Fig.
1. The purpose of the board is to perform computations on the streams A and B using
previous values in the streams and previous values of computations on the streams. The
requirement for correct operation of the system is that none of the buffers nor registers
should neither be starved nor overflowed.

The solution described in this paper differs from the solution described in [2] in the
following aspects:

– The solution presented in [2] involves using SMV [3]; the current solution uses
Uppaal [4] as the model checker;

– In [2] the schedule for the example is reached using a parameterized model as
model checking the full system was infeasible due to state space explosion. In the
current approach, the Uppaal model of the component system contains abstractions
that enable the schedule to be synthesized for the whole system.

The current solution builds on Uppaal as an explicit state model checker and ex-
ploits bit-state hashing as the model checker provided memory consumption reduction
technique for finding schedules. Clocks are used for bounding the depth of the search.
The main characteristics of the system modelled in terms of Uppaal automata are the
following:

– The state of the buffers and registers is represented by integers.
– To model synchronicity, all variables representing buffers and registers are updated

on one transition discarding a great deal of interleavings that are irrelevant in this
context. There is a separate variable representing the behaviour of the arbiter that
controls which register can access memory at a time.

– The granularity of time ticks is aligned with the duration of a transfer on the shared
bus. The buffers and registers are updated by relevant multiples of bytes at the
beginning of each such abstract tick.
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Fig. 1. Radar memory interface board

– The schedule is found using a E♦ query and relevant parameters to the Uppaal
backend verifyta.

The existence of a solution to this problem under further restrictions on resources
yields optimisation as a by-product of formal analysis. The contribution of the work is a
way to partition the problem into independent subproblems that enable to abstract away
details that are irrelevant with respect to the concurrency issue while still guaranteeing
correct behaviour in the concrete system.
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ð

 96 / 114



�	��

����������
�������������� ����
����"!�#%$'&
()�*���,+-�.����
�������������� ����
����"!�#%$'&/����01� ����
����"!�#32)&
4)�5+6�7�8�.������������9"�:01!�#%$;&<���=01��9"�:01!�#32)&
> �����7
���������������9"�:01!�#%$;&

?%@BADC<E�F �	��GIH F�JLKNM1OQP'RNSIFTFQUVOWCXK H FQY'K�@[ZTO	K�@B\DY^]_E�\WK`\)Z�\Dacb

d K`EeOWY<f d ]/OWZ�FQUTg3@[Y;K`E \)f<C_Z�FQfih'P GjH OQPWFTE=?=kO	h<E�FTADOlgnmoFTE�pT\WAqOWY_fsrLCXK`K�t"OWY
uwv�xcg%\	y:FTE�O{z|E OWt}F�R
M~\WE���z|\WE�fXFQU�Z�E @Bh/@[YXA"]_E�\WK`\)Z�\Da%h:F H O��)@[\DCXEVOWY_f{]_E�\��l@[YXA�K H F}Z�\WE�E�FQZ�K�YXFQU U�\Wz�]<E \WK�Z�\Da[UVMj@BK H E�FQU`]:FQZ�K
K`\�U`FQZTCXEe@BKNPsU`]:FQZT@B�_ZTO	K�@B\DY<UQb6���������W�/��@�U�OiU�FQ�'CXFQY_Z�F�\WzjFT�WFQY'K�UTg1M H @[Z H ZTOWY�h�F�]:FTE�z|\WE t}FQfsh'P�O
aBFTAD@BK�@�t�O	K`F}]_O	E�K�@[ZT@[]_OWY;K�@�YiO�]<E�\WK`\lZ�\Dan\WE�h)PiOWY�@[Y'K`E C<fXFTE"��@�Y GIH O�PWFTE�?=kO	h<E�FTADO�FTK�OWa�bB��U�YX\WK�O	K�@[\DY �
O{�X�T���T���`�W�c�	���eb�� �¡���`�	�/�¢�c�l�;£e�"@[U}OiU`FTK}\WzoU�K`E OWY<f<U=K`\WAWFTK H FTE¤Mj@BK H O¥AWE O	] H U�K`E C<Z�K�CXE�F�fXFQU Z�E @BhXR
@[YXA¤ZTOWC<U�OWa¦@[Y;K`FTEeOWZ�K�@B\DY<UTbj�§]:\WE�K�@[\DY^\WznO�U`K`E OWY<f{U`]_OWZ�F�M H @[Z H fXFQU�Z�Ee@Bh:FQUIO"]/O	E�K�@[ZTC<a[O	E���fXFQU�@BE�FQf�\WE
C<Y<f<FQU�@BE�FQf/�jF�¨lFQZTCXK�@B\DY¢\WzIO�]<E�\WK`\lZ�\Da�@[U��)Y<\�MjY�OWU�O6©Tª)���l«B�Tb��VY�F�¨XOWt}]_a[F�\Wz¬O^h_C<Y_f<aBF}U H \�Mj@[YXA
K H F­fXFQU�@BE FQf�h:F H OQ�l@B\DCXE�\WzIK H F^JVK®M~O�P;RNSjFTFQU}]<E�\WK`\lZ�\Da¯@�U�U H \�MjYs@[Ys?¦@[ADCXE�F ( b GIH F¤YX\lfXFQU�\WzIK H F
AWE O	] H U~f<FQYX\WK`F�FT�WFQY;K�UQg_OWY<f­K H F�O	E�E�\�MjU¬fXFQYX\WK`F�ZTOWC_U�OWa:E�FQa[O	K�@B\DY_U H @B]_UQgDMj@BK H U�@[Y<ADaBFVO	E E�\�MjU¬@�Y<f<@[ZTO	K�R
@[YXA¤F�¨lZ H OWYXAWF=\Wz�t}FQU U�O	AWFQUTg°OWY<fqfX\DCXh_aBF�O	E�E�\�MjUoZTOWC_U�OWa¦E�FQa[O	K�@B\DY<U H @B]_U¬Mo@BK H @[Y�K H F�U`K`EeOWY<f<UIz|\WELK H F
@[Y<f_@B�)@�f<C<OWa<]/O	E�K�@[ZT@B]_OWY'K�U 
 g � OWY<f + b
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?%@BADC<E�F ()� �½h_C<Y<f_aBFV@�a[a[C<U`K`EeO	K�@[YXA�K H F�fXFQU�@BE FQf­h�F H OQ�l@B\DCXE¬\Wz¦K H F�JVK®M~O�P;RNSjFTFQUj]<E \WK`\)Z�\Da�b

¾�Y-K H F^U`K`EeOWY<f�U`]_OWZ�F{O	]<]<E�\DOWZ H g~@[K�@[U}OWU�U�C<t�FQf-K H O	K�OWY�@�Y;K`E C_fXFTE=]�\DU�FQU�U`FQU�O�Z�FTE K�OW@[Y�U`FTK�\Wz
FQY<Z�E�P)]<K�@B\DY��WFTPlUTg 9¤¿ gDOWY<f}ZTOWY}]:FTE�z|\WE t½K H F¬Z�FTE�K�OW@[Y�O	K`\Dt�@�Z~OWZ�K�@[\DY<UTb3�oY}@�Y;K`E C_fXFTE3U`K`E OWY<f=Z�\DY<U�@�U`K�U
\Wz:OVU�FQ�'CXFQY_Z�F¬\Wz�U�C_Z H OWZ�K�@B\DY<UQb%?%@BADC<E�F 4 U H \�MjU3OLh/C<Y<f<aBF¯Mj@BK H @[Y'K`E C<fXFTE3U`K`EeOWY<f<UTgWM H @[Z H @[a[a�C<U`K`E O	K`FQU
OWYsªl�/�;�¡�¡ÀÁ������h:F H O��)@[\DCXEo\Wz�K H F}JLKNM1OQP'RNSIFTFQU�]_E�\WK`\)Z�\Dacb GIH F�@[Y'K`E C<f<FTEQg H FTE F�fXFQYX\WK`FQf¥Â}g:E�FQZ�FQ@[�WFQU
t}FQU�U O	AWF �6º M H @[Z H @[U�@[Y'K`FQY<fXFQf�zÁ\WE + g¦f_CX]_a[@[ZTO	K`FQU�@[K�OWY<f�U`FQY_f<U�@BK�K®Mj@[Z�F�K`\ + b GjH F��<E U�K�K�@[t}FWg
+ Z H \'\DU�FQU�O^YXFTM�U`FQZ�E�FTK��WFTP 9 �:0 OWY<fiU�FQY<f<U�@BK�@[Y � » K`\ � OWU�@[Y'K`FQY<fXFQfÃg°h_CXK � ��U�U�CXh/U`FQ�'C<FQY;K
t}FQU�U O	AWF � ¼ K`\ 
 AWFTK�ULaB\DU`KTb GIH F�U`FQZ�\DY<fqK�@[t}FWg + O	ADOW@�Y{Z H \'\DU�FQUVO�YXFTM½U`FQZ�E�FTKV�WFTPWg 9qÄ��0 g/z|\WE 

OWY<f � OWY<f^O	K`K`FQt�]<K�UIK`\"U�FQY<f^@BK¬K`\ � @[Y � Ä» gXh_CXKI@BKI@�U¬U`K`\DaBFQY�h)P�ÂÅOWY<f�]_OWU�U�FQf^f<@BE�FQZ�K�a[P"K`\ 
 @[Y
t}FQU�U O	AWF �ÆÄ¼ b GIH F�E�FQU�C_aBK¬@[U1K H O	K 
 OWY<f �8H O��WF�f<@Çy:FTE�FQY'K¬�)@[FTMjU1\Wz%M H @[Z H U`FQZ�E�FTKI�WFTP­K`\¤C_U`FWb

GIH @[U¤C_Y<fXFQU�@BE FQf�U�Z�FQY<O	Ee@B\-ZTOWY
h�F¥OQ�W\D@�fXFQfÈ@[YÉO�K�@[t}FQfÊzÁE OWt�FTM¯\WE��Éa[@B�WFWgozÁ\WE­F�¨XOWt}]_aBFWgoK H O	K
fXFQU�Z�Ee@Bh:FQf�@[Y­uwËÌxcgWh)P�K�O	�l@[YXAVK H F1zÁE FQU H YXFQU�U¦\Wz/K H F~Y<\DY<Z�F¬Z�E�FQO	K`FQf}h)P 
 U`FTEe@B\DC<U�aBPWb%��U�@�t�@[a[O	E¦OWY<OWaBPlU�@[U
@[UIC_U`FTz|C_a:zÁ\WEo\WK H FTEj]<E \WK`\)Z�\Da[UIM H \DU`F�Z�\WE E�FQZ�K�YXFQU�UVOWU�U�C<t�FQU¬zÁE FQU H YXFQU�UI\Wz%Y<\DY<Z�FQUTg_U�C_Z H OWUjK H F�M~FQa[aÇR
�lYX\�MjYqÍoFTFQf H OWt=R d Z H E�\)FQfXFTELU`FQZ�E�FTKV�WFTP�OWCXK H FQY'K�@[ZTO	K�@B\DY{]<E�\WK�Z�\Da[Uo\WE @BAD@�Y<OWa[aBP�]<E�FQU`FQY'K`FQfq@[Y6u 4 x%h_CXK
U�CXh/U`FQ�'C<FQY;K�aBP6U H \�MoYs@�Y<Z�\WE�E�FQZ�K}f<CXF­K`\�O¥t�@[U U�@[YXAqzÁE FQU H YXFQU�U�]<E�\W]:FTE�K®PWb¢¾�Y�K H F­]<E�FQU`FQY'K�O	K�@B\DY�M~F
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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 possible potentials in

the state space. In order to implement the model, we consider

two compact data structures. Both structures are dependent

on how the state space evolves and we give our considerations

on why we expect the data structures to work.

1 Introduction

Modern pig production is moving towards ever grow-
ing production batches using the same number of
farmers. This gives the farmer less time to monitor
the pigs health and growth status. For several years
automation in pig production has been developed and
deployed. The current control systems act as climate
controllers and is as such unaware of the welfare and
behavior of the pigs. A climate control systems uses
temperature and humidity to measure the climate and
uses air fans and air intake valves as actuators. Fur-
thermore, heating and water spraying mechanisms can
also be deployed as actuators in pig barns.

As stated earlier the farmer is still very much in-
volved in the production of the pigs since he has to
monitor and control all non-climatic influences in the
pig production cycle. This is also called “Human in
the (control) loop”, and is presenting a problem as
the farmer gains more livestock to administer.

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

welfare of the pigs. Along with the sensory system
a welfare controller is needed such that there can be
actuated accordingly to the results of the sensory sys-
tem. The objective is that the farmer can leave some
or all of the welfare control, to the welfare controller
and sensory system. This enables the farmer to con-
centrate of the higher order pig production cycle.

We are concerned about the development of intel-
ligent sensor networks systems such that the welfare
loop can developed and closed. The primary goal is to
develop an estimate of the pigs behavior given a set
of sensory inputs. In the remainder of this abstract
we present an outline for representing the system and
expanding the system model with the required influ-
ence of past events. We then give pointers to which
efficient and compact data structures we plan to use
in an implementation and why we believe these rep-
resentations to be feasible.

2 Representing the Welfare

Loop

A basic climate and welfare control loop is presented
in Figure 1, and represents all components of the sys-
tem. Each box in the figure denotes a state change.
The system uses several variables which represent
state configurations. Time is used in a discrete man-
ner and represented with n.

The box denoted A, has two inputs, namely Un

the current actuation and Xn the current state of the
barn climate and pig welfare. As an output of this is
Xn+1 the climate state and pig welfare for the next
time step. The current state of the pigs welfare and
climate is monitored, this process is represented with
the box C that has the output variable Yn, which is
the current set of sensor measurements. The sensor

1

 99 / 114



A

Z−1

Xn

CXn+1

Zn−1

Yn

D
Yn+1

B

On

Un

Figure 1: System Blok Diagram

measurements is fed into the controller, represented
as box D. The controller starts a new actuation cycle
based on the sensor measurements and outputs a set
of actuator signals denoted as On. The final step in
the loop is the actual actuation represented by the
box B and the output is the new actuation levels.

Given that we annotate this system with probabilis-
tic dependencies we get the following expressions:

PA(Xn|Xn−1, Un)

PB(Un|On)

PC(Yn|Xn)

PD(On|Yn)

(1)

What can been seen from the equations in List-
ing (1), is that we have given a description very
similar to Bayesian network [1]. Listing (1) is an
expression for how we see sets of discrete random
variables being related, e.g. could X be X =
(Temperature, Humidity, P igStress). Specifying
Bayesian networks is a delicate task, since it in-
corporates specific domain knowledge, e.g. how
does the temperature and humidity affect the stress
level of the pig? We can formulate this as e.g.
P (PigStress|Temp, Hum) or just the simultaneous
probability distribution P (PigStress, T emp, Hum).
It is most certainly possible to construct Bayesian Net-
works for climate/welfare loop model, but the cor-
rectness of the model has to determined with aid of
domain experts.

We still need to account for the dynamic parts of
the model, which basically gives us a Partially observ-
able Markov Decision Process [1]. This can gives us
several problems of intractability if we have to con-
sider all past state configurations, this is also shown
in [1].

3 Towards Embedded Platforms

We have given a description of the welfare loop, even
though this description may become troublesome to
use, due to growth of the state space. This problem
is rather relevant since we consider an embedded and
possibly distributed, target platform.

Current techniques used in Bayesian networks for
updating probabilities, such as Junction Trees [5], are
efficient but can be rather memory and processor con-
suming. Other classes of algorithms such as anytime
algorithms partially solves some of problems, but at
the cost of precision. The main issue here, is that we
intend to use our knowledge of the system model to
build a specific probability updating function for the
dynamics of the system.

The simultaneous probability distribution
P (Xn, Un, On, Yn| . . .) where we say . . . repre-
sent all prior state configurations, describes the
probability of all states given the past state configu-
rations. If we can compute this for each time step,
we can estimate the current state of the welfare and
climate.

First it should be noted that U and O are known
i.e. we can say that we have evidence on these vari-
ables. Because of this we can state them as vec-
tors where all places are zero except one. With
this information at hand we can start manipulating
P (Xn, Un, On, Yn| . . .) such that we can see which
calculations we must perform for each time step. We
denote the entire state space as a matrix A, this rep-
resents the distribution P (Xn, Un, On, Yn) and time
step n = 0. To calculate the next time step we say
that the current probability of all states is the vec-
tor P , such that we can calculate P n+1 as P n+1 =
An+1 · P n. The last thing needed is to show how we
intend to calculate An+1, this is shown as Equation
(2).

An+1 =
∑

un∈U

P (Xn+1|Xn, Ui)·

P (Un|Xn, On) · P (Oi|yi) · P (Yi|Xi)

(2)

This calculation may look daunting, however recall
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that several of the variables are know i.e. we have
evidence on them. With the marginalization of U

the expression is rather small compared to what we
started with.

With the system update function described as a
vector/matrix multiplication we need to consider how
to perform the matrix/vector multiplication efficiently.
For this we consider two well known methods for rep-
resenting matrices efficiently. The methods we con-
sider here are Probabilistic Decision Graphs [4] and
Multi Terminal Binary Decision Diagrams [6]. Both
of these methods rely on the matrices represented are
sparse. It is difficult to be precise about how suc-
cess full thee two methods will be, but we offer the
following thoughts about the system state space.

The largest part of the state space consists of the
climate variables and the pig welfare variables. To
consider the later of these first. We know that pigs
have a group behavior, that is, as a group the pigs
normally engage in the same activities at the same
time. This could be e.g. feeding activities or sleeping.
Even when we consider outliers from this observation,
the pigs state space matrix should become reasonably
sparse. The only problem is that we expect the pigs to
change behavior abruptly, if exposed to sudden stress.
We can describe the climate system as a set of dif-
ferential equations, it is in fact this description the
climate controller uses. From this set of equations we
can calculate the climates maximum rate of change,
which gives us firm ideas about how fast we can move
around in the state space. We do not expect abrupt
changes in the climate state, so within the maximum
change rate of the climate system the rest of the cli-
mate stae space should be sparse.

The state space considerations can not be seen as
anything but estimates. As with all other BDD like
heuristics, test and tuning on real world data is essen-
tial.

4 Results

Bayesian Network models has been developed and are
currently in the state of being revised through inter-
action with domain experts from Skov A/S [3]. Most
of the connecting probability theory is in place and is
ready to be implemented. The Bayesian models we
have developed are made with the decision support
tool Hugin [2]. We use Hugin to build the starting
probabilities of A, which gives us a practical way for
specifying and doing small tests to obtain better cor-
rectness of the probabilities used.

Our next goal is to implement, test and evaluate
the calculations and data structures described earlier,
before we can say anything conclusive about the va-
lidity of the ideas presented.

5 Future Work

We have not touched upon how we actually intent do
perform decision making based on the probabilities for
each time step. Our goal is to include some form of
utility support in the structure as well, even though it
is the job of the control system to make any decision.
The proposed system could also be used to do fault
detection and location, exactly how this should be
incorporated must be considered further.

There are several other issues that need to be re-
solved before we can start doing any real world testing
of the proposed system. More sophisticated sensor
systems are needed, these could be build from vision
or sound inputs. We are in the process of developing
such systems, but their feasibility are still untested.
More over a general architecture for the sensor net-
work is to be developed. We have to consider how
we can integrate smoothly into already existing sys-
tems and find suitable hardware platforms to deploy
the system on.
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Introduction 

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 �leader�) 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: 

                                                           
1 This work is supported by resources of KBN during the years 2004-2005 as a research project. 
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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. 

All 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 families 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, 
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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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Introduction

Program verification techniques provide a means to guarantee that source code programs are correct with
respect to a formal specification, and have been used extensively for showing functional or behavioral
properties of programs. Furthermore, program verification environments, based on automated or interac-
tive theorem provers, have been developed to aid the developer in verifying the program correctness.

However, the benefits of source code verification are not immediately exploitable in the context of
mobile code, in which the code consumer downloads a compiled program originating from an untrusted
code producer.

The goal of this work is to bring the benefits of program verification techniques to the code consumer,
by developing a proof-carrying code (PCC) architecture [1] in which:

– the code producer writes a program A, and annotates it with specification S, and then builds a proof
P that A abides by S using an interactive verification environment, and finally compiles the program,
its specification and its proof, thereby obtaining a compiled program A, a compiled specification S,
and a compiled proof P ;

– the code consumer retrieves A, S, and P , and then verifies, with the help of P , that A obeys S, and
finally, if the verification is successful, executes A.

In order to establish the feasibility of such approach, we consider a simple imperative language and
its corresponding assembly language and 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. we relate Hoare specifications of the source language to specifications of the assembly language, and we
show that compilation preserves provability w.r.t. Hoare logic and weakest precondition. Moreover, we
show the stronger property that the relation “P proves that A satisfies S” is preserved by compilation.

These results, while not unexpected, lay the foundations for a PCC architecture that brings the
benefits of source code verification 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 this paper, we adopt a simplification w.r.t. Java, namely local variables are treated
in a similar fashion at the source and assembly level. We can show, that compilation and the weakest
precondition calculi commute up to syntactic equivalence and that both the compilation of proofs and
specifications is identity.

In the rest of this extended abstract, we will concentrate 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-carrying
code, see e.g. [1], but intends to go beyond the verification of safety properties by relying on functional
specifications and interactive verification 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.

Furthermore, there have been a number of studies of programming logics for low-level languages.
In particular, C. Quigley [3] has recently proposed a Hoare-like logic for a fragment of the JVM and
N. Benton [5] has recently proposed a typed logic for a stack-based assembly language. However, their
work does not consider weakest precondition calculi, nor the relationship between programming logics at
the source code language with programming logics at the assembly language.
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The weakest precondition calculus for assembly language

The simple assembly language used in this study includes basic operations to manipulate the stack, as
well as conditional and unconditional jumps. The set of instructions is defined as follows:

i ::= prim op primitive binary operation
| push n push n on stack
| load x load value of x on stack
| store x store top of stack in x

| if l conditional jump to program point l

| goto l unconditional jump to program point l

| return end of program

where op is a primitive arithmetic operation +,−,×, . . ., comparison operation <,≤,=, . . . or logical
operation (all considered as arithmetic 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 annotating assembly programs is a standard first order language,
with the notable difference being in arithmetic expressions, where two special variables stack and top

are introduced for reasoning about the stack. The variable top represents the size of the stack in the
current state, while the variable stack can be thought of 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 arithmetic expressions is defined inductively as
follows:

se ::= top | se− 1
a ::= n | x | a1 op a2 | top | stack(se)

The assertion language is defined inductively as follows:

P,Q ::= a1 bop a2 | true | false | P ∨Q | P ⇒ Q | P ∧Q | ¬P | ∃x.P | ∀x.P

where bop is a comparison operation.

The calculus. The main obstacle in defining the weakest precondition calculus for the assembly language
is the unstructuredness of code due to jumps. Here, it is addressed by dividing the code into a set of blocks
(a block being a sequence of assembly instructions), where each block ends with a jump instruction, and
the rest of the block (a sub-block) contains no jump instructions. As jump instructions we consider both
if l and goto l, but also instructions directly followed by an instruction with label l (i.e. the target of
an if l or goto l). For simplicity, we consider the latter case as if there was an extra goto instruction
leading to that label in the end of the block.

This way, a program can be defined as a sequence of blocks, with a predecessor relation defining an
order on them. In case there are circular references between blocks, loop triples of the program can be
calculated, each triple constituting 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 conditional (see section
Compilation). This context information will be used when calculating the weakest precondition of a
program.

The calculus is defined on two levels, firstly for sub-blocks and secondly for full programs (the latter
considered as a sequence of blocks).

In the following, we will use b′ 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 b′ with
respect to postcondition ϕ is defined as follows.

wps(b
′

1; b
′

2, ϕ) = wps(b
′

1;wps(b
′

2, ϕ))

wps(push n, ϕ) = ϕ[stack(top)← n, top− 1← top]

wps(prim op, ϕ) = ϕ[stack(top)← stack(top) op stack(top− 1), top← top− 1]

wps(load x, ϕ) = ϕ[stack(top)← x, top− 1← top]

wps(store x, ϕ) = ϕ[x← stack(top), top← top− 1].
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Using the above definition of wps, we can now define 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 precondition
ϕi of the block bi in the following way.

If the last instruction of bi is

– return, then
ϕi = wps(b

′

i, post)
– goto l, then

ϕi = wps(b
′

i, ϕi,l)
– if l, then

ϕi = wps(b
′

i, stack(top) 6= 0⇒ ϕi,i+1[top← top− 1] ∧ stack(top) = 0⇒ ϕi,l[top← top− 1]))

where

1. ϕi,l = I, if bl is a loop conditional and bi is the loop body
2. ϕi,l = I ∧ (I ⇒ ϕl), if bl is a loop conditional and bi is its loop predecessor.
3. ϕi,l = ϕl otherwise.

Looking at the above cases: the first case implies calculating the weakest precondition of the loop body.
In the second case, the weakest precondition of the whole loop is constructed – 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, conditional b and post-condition p, the proof obligations are I ∧ ¬b ⇒ p

and I ∧ b⇒ wp(c, I).
The weakest precondition for a sequence of blocks is defined by

wp(b1; b2, post) = wp(b1;wp(b2, ϕ)).

Compilation It is trivial to show that compilation preserves provability of Hoare triples, under the
assumption that compilation preserves operational semantics. Likewise, it is easy to see that weakest
precondition calculi coincide up to logical equivalence. Unfortunately, logical equivalence is too weak if
we intend to use proofs produced at source code level for checking specifications at the level of compiled
programs. When considering a non-optimizing compiler, we can show that compilation and the weakest
precondition calculi commute up to syntactic equivalence and that both the compilation of proofs and
specifications is identity, meaning that the pre- and post-conditions and invariants can be copied verbatim
to the assembly code.

Conclusions

We have developed a programming logic and a weakest precondition calculus for a simple assembly
language and shown that under mild assumptions compilation preserves weakest precondition calculi and
provability of Hoare-triples.

These results lay the foundation for a PCC architecture that brings the benefits of source code
verification to the code consumer. We have also began setting up this architecture to Java, using JML
as the specification language for Java and the programming environment Jack [4] for computing weakest
precondition calculi. The work includes defining extensions for class files that accommodate compiled
JML annotations. In parallel, we have begun investigating the use of such framework for secure dynamic
updates in the context of trusted personal devices that feature Java Virtual Machine.
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The purpose of this paper is to describe a method for automatic program inver-
sion which we developed [2, 3] for a first-order functional language and to show
several inverse programs produced by our implementation. There are many com-
putational problems that are inverse to each other, even though we often do not
consider them from this perspective. Perhaps the most common example of two
programs that are inverse to each other is the encoding and decoding of data:

code

text text

�
�

�

encoder decoder

Two inverse programs

Usually, both of the encoder and the decoder are written by hand with the
familiar problem of ensuring their correctness and maintaining their consistency.
Why write two programs, if it suffices to write one program by hand and to
derive the inverse program automatically? Beside saving time and effort, the
inverse program is correct by construction and it is easy to produce a new inverse
program if there are changes in the original program.

One of the main challenges of program inversion is to derive a deterministic

inverse program from an injective source program. In [3], we observed that this
problem is similar to the construction of a deterministic parser, if we view the
inverse program as a context-free grammar where the traces of the program con-
stitute its language. Determining which branch to follow in a nondeterministic
inverse program is like determining which production rule to apply when con-
structing a deterministic parser. Our method makes use of this correspondence.

A program inverter is a program transformer similar to a translator, but in-
stead of producing a target program that is functionally equivalent to the source
program, a program inverter produces a 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 Science even though many
algorithmic problems are inverse to each other, such as printing and parsing,
compilation and decompilation, and encoding and decoding data.

��
�� xp−1

yp

inv

Program inverter: generating an inverse program

In this paper, we describe the construction principles for automatic program
inverters which we identified in our previous works [2, 3]. They include the design
of an ‘atomic language’, local inversion by backward reading a program, and the
elimination of nondeterminism, if possible.

There are different choices when designing a program inverter, which also
means they can differ in their inversion power. The most promising approach
which we identified 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]. These methods all follow the same construction
principles, but differ in the power of the eliminating nondeterminism. Our current
implementation1 is based on LR(0) parsing. We will use this implementation for
the examples in this paper. The examples belong to different application area,
including encoding and decoding, printing and parsing, and data conversion.

This full paper introduces the main concepts for program inversion in more
detail, presents three construction principles for building a program inverter,
shows inverse programs produced by our implementation, and discusses related
work which started in the late seventies in the works of Dijkstra [1] and Gries [4].
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In this paper we consider two temporal logics: a temporal logic of com-
mon knowledge and a temporal logic of common belief. These logics involve
the discrete time linear temporal logic operators ”next” and until””. In ad-
dition, they contain an indexed set of unary modal operators that allow us
to represent the information possessed by a group of agents. In the temporal
logic of common knowledge these operators satisfy analogues of the axioms of
the modal system S5 ([2]), which is widely recognized as a logic of idealized
knowledge [4]. In the temporal logic of common belief these operators satisfy
analogues of the axioms of the modal system KD45, which is widely recog-
nized as a logic of idealized belief. In the first logic there is also an operator
for common knowledge of the group of all agents. In the second logic there
is an operator of common belief of the group of all agents. An interpretation
of these logics is based on the sequences of states of the distributed systems.

For these logics we present sequent calculi with a restricted cut rule.
Thus, we get proof systems where proof-search becomes decidable. This
calculus lays the basis for automatic theorem proving for these logics. We
prove soundness and completeness theorems for these logics.

We mention some related works. In [6] a Hilbert-style axiomatic system
for the temporal logic of common knowledge is presented and completeness
of the system is proved. The temporal logic of knowledge without common
knowledge operator is considered in [7], [3]. In [7] a tableau based decision
procedure is presented for the considered logic. In [3] a resolution-based
proof system is presented which is shown to be correct. The logic of common
knowledge without temporal operators is considered in [1], where complete
Tait-style sequent calculus with restricted cut rule for the logic is presented.
Our work uses ideas from [1] and [6].

Multi-logics like temporal logics of common knowledge and belief have a
number of applications both to computer science and artificial intelligence
(see e.g. [4]). For example, in distributed systems theory, they are used for
the specification and verification of knowledge-based protocols [5].
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2004-029 Krister Åhlander and Hans Munthe-Kaas: On Applications of the Generalized Fourier
Transform in Numerical Linear Algebra

2004-030 Wendy Kress and Per Lötstedt: Time Step Restrictions using Semi-Implicit Methods
for the Incompressible Navier-Stokes Equations

2004-031 Malin Ljungberg: Curvilinear Coordinates in a PDE Solver Framework; Analysis

2004-032 Malin Ljungberg and Kurt Otto: Curvilinear Coordinates in a PDE Solver Framework;
Validation

2004-033 Parosh Abdulla, Johann Deneux, and Pritha Mahata: Closed, Open and Robust Timed
Networks

2004-034 Parosh Abdulla, Pritha Mahata, and Richard Mayr: Decidability of Zenoness, Token
Liveness and Boundedness of Dense-Timed Petri Nets
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