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Abstract

Software components and the methodology of component-based development
offer a promising approach to master the design complexity of huge software
products because they separate the concerns of software architecture from
individual component behavior and allow for reusability of components. In
combination with formal methods, the specification of a formal component
model of the later software product or system allows for establishing and
verifying important system properties in an automatic and convenient way,
which positively contributes to the overall correctness of the system. Here,
we study such a combined approach. As similar approaches, we also face
the so-called state space explosion problem which makes property verifica-
tion computationally hard. In order to cope with this problem, we derive
techniques that are guaranteed to work in polynomial time in the size of the
specification of the system under analysis, i.e., we put an emphasis on the
computational viewpoint of verification. As a consequence, we consider in-
teresting subclasses of component-based systems that are amenable to such
analysis. We are particularly interested in ideas that exploit the composition-
ality of the component model and refrain from understanding a system as a
monolithic block. The assumptions that accompany the set of systems that are
verifiable with our techniques can be interpreted as general design rules that
forbid to build systems at will in order to gain efficient verification techniques.
The compositional nature of software components thereby offers development
strategies that lead to systems that are correct by construction. Moreover, this
nature also facilitates compositional reduction techniques that allow to reduce
a given model to the core that is relevant for verification. We consider proper-
ties specified in Computation Tree Logic and put an emphasis on the property
of deadlock-freedom. We use the framework of interaction systems as the
formal component model, but our results carry over to other formal models for
component-based development. We include several examples and evaluate
some ideas with respect to experiments with a prototype implementation.






Zusammenfassung

Komponentenbasierte Softwareentwicklung ist ein vielversprechender Ansatz
um die Entwurfskomplexitdt grofSer Softwareprodukte zu beherrschen, da die
Anforderungen der Softwarearchitektur und des individuellen Komponen-
tenverhaltens voneinander getrennt werden und die Wiederverwendbarkeit
der Komponenten ermoglicht wird. In Kombination mit formalen Metho-
den wird durch die Spezifikation eines formalen Komponentenmodells des
Softwareprodukts oder Systems die Priifung und Verifikation von wichtigen
Systemeigenschaften auf automatische Weise durchfiihrbar, was positiv zur
Korrektheit des Systems beitrdgt. In dieser Arbeit untersuchen wir einen sol-
chen kombinierten Ansatz. Wie vergleichbare Ansatze begegnen auch wir dem
Problem der Zustandsraumexplosion, das die Verifikation von Eigenschaften
algorithmisch schwer macht. Um dieses Problem zu bewdltigen, betrachten
wir Techniken, die eine Eigenschaftspriifung in Polynomialzeit beziiglich der
Spezifikation des zu analysierenden Systems garantieren, d. h. wir legen Wert
auf die algorithmischen Gesichtspunkte der Verifikation. Als Konsequenz
untersuchen wir Teilklassen von komponentenbasierten Systemen, die fiir
eine solche Analyse zugénglich sind. Wir sind insbesondere an Techniken in-
teressiert, welche die Kompositionalitidt des Komponentenmodells ausnutzen,
und betrachten ein System nicht als monolithische Einheit. Die Annahmen, die
durch die Menge der mit unseren Ansitzen verifizierbaren Systeme aufgestellt
werden, konnen hierbei als allgemeine Entwurfsregeln verstanden werden,
die es verbieten Systeme nach Belieben zu konstruieren um dafiir effiziente
Verifikationstechniken zu erhalten. Die kompositionelle Natur der Kompo-
nenten ermoglicht dabei Entwicklungsstrategien, die zu konstruktionsbedingt
korrekten Systemen fiihren. Des Weiteren werden kompositionelle Redukti-
onstechniken begiinstigt, die ein gegebenes Modell auf den fiir Verifikation
relevanten Teil verkleinern. Wir betrachten in der Logik CTL spezifizierte
Eigenschaften und legen einen Schwerpunkt auf Verklemmungsfreiheit. Wir
benutzen Interaktionssysteme als formales Komponentenmodell, allerdings
sind unsere Ergebnisse auch auf andere formale Modelle der komponen-
tenbasierten Entwicklung tibertragbar. Wir geben mehrere Beispiele an und
evaluieren einige Ideen mittels einer Prototyp-Implementierung.
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Chapter 1

Introduction

The spread of software continues and has become ubiquitous in many aspects
of our daily lives, e.g., mobile phones becoming smart, the pervasive use of
online services and social networking for daily tasks and duties, or the rise
of embedded systems. We take the availability of such software for granted
and put trust in its correctness, i.e., we become more and more dependent
on reliable software. Moreover, software systems, which typically denote
huge and complex software products, already control many critical industrial
systems ranging from factory robots, that can interact with humans, over
avionics and automotive systems to supervision of nuclear power plants. The
modern stock exchange operates nearly autonomously and driverless trains
emerge in many metros and urban railways. This pervasiveness of software
creates new challenges because the malfunction and unexpected behavior of
software systems can cause effects that are unpleasing such as the annoyance
of users, painful such as financial loss, and unacceptable such as catastrophes
and disasters.

Modern software development has to take these issues into account and mas-
ter the inherent design complexity of software systems. In this direction,
structured and systematic approaches have been successfully applied that de-
compose a system’s specification into various, often heterogeneous parts with
respect to the system’s functionality and first consider a model of the later soft-
ware product, where the initial correctness of this model can be used to support
and guarantee the correctness of further development steps. The advantage of
such an approach is that faulty design decisions become detectable as early as
possible and can be pinpointed exactly in the software development process.
It is well known that the earlier an error is detected, the more inexpensive and
effortless is its revision and mitigation [43, 173, 262]. Furthermore, the model
can be used to correctly integrate already trusted and verified system parts,



2 1 Introduction

which enhances the interoperability and reusability, where missing function-
ality can also be bought as prefabricated components—so-called commercial
off-the-shelf components—on software markets. Such a model also allows to
generate executable code as methodologies known as component-based and
model-driven software development have shown.

In this thesis, we focus on the correctness of the initial model particularly with
regard to the methodology of component-based development. The verification
techniques used to establish this correctness are part of a broader methodology
known as formal methods. Our research question is: How can the particular
features of component-based systems, such as their compositional nature
and the separation of the concerns of software architecture from individual
component behavior, be exploited for the application of formal methods, and
how can we measure this potential benefit from a computational viewpoint. In
the next section, we introduce and discuss these concepts that also constitute
the title of this thesis.

1.1 What This Thesis Is About

By means of the title of this thesis, which is
o Software Components and
e Formal Methods from a
o Computational Viewpoint

we introduce and discuss the thesis’ topic in the following sections.

1.1.1 What Are Software Components?

The word “software” has become everyday language in most countries and
typically denotes everything related to the virtual parts that run a computing
device—having its origins in the word “hardware” which is used to describe
the electrical /physical parts. The word “component” has been used quite dif-
ferently in the literature, e.g., there are electrical components, thermodynamic
components, or graph-theoretical components. The word itself means to put
something together.

Its first occurrence with respect to software dates back to the year 1968 where
Mcllroy [191] proposed to change the way software is developed to a more
industrialized way, which he calls mass production techniques. He envisions
a standard catalog of software routines called software components that can
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be applied on different machines, i.e., the components make no assumptions
about their environment and are thus more independent with respect to their
deployment. He compares this approach to the way hardware components
are employed: they are usually interchangeable and cataloged.

However, a more methodical and scientific approach to component-based
software began not until the 1990s, although similar ideas can be found in
paradigms such as object-oriented programming, e.g., Cox’s software inte-
grated circuits [78] in the 1980s, and the importance of the modularity and
structure of software systems was already emphasized by Dijkstra [91], Brooks
and Iverson [52], and Parnas [223] in the 1970s. The work on so-called soft-
ware architectures as a system design pattern, which also distinguishes com-
ponents and their interconnection, was brought forward by Garlan and his
coauthors [3, 7, 109, 110], culminating in a 1996 book on the topic [242]. The
re-use of design patterns was addressed in the seminal book of the so-called
Gang of Four [107] around 1994. The now annual international conference on
component-based software engineering was initially happening as a workshop in
1998. The first textbooks on component-based development appeared around
the millennium, e.g., the books of Heineman and Councill [134], Veryard [260],
and Szyperski [249]. Since then, components have also been successfully used
in the enterprise world, e.g., OMG’s Common Object Request Broker Archi-
tecture (CORBA)!, Microsoft’s Component Object Model (COM)?, or Oracle’s
(formerly Sun’s) Enterprise JavaBeans (EJB)>. Early ideas can also be found
in IBM’s System Object Model (SOM), but it was discontinued in 1997. For a
thorough historical overview, we refer to the work of Barroca et al. [27].

So what is a software component? To quote Szyperski [249, page xxi]: “Soft-
ware components are binary units of independent production, acquisition,
and deployment that interact to form a functioning system.”

Here, we follow this definition and understand a software component as an
entity with a specific but independent behavior that offers so-called ports
to interact and cooperate with its environment, which consists of the other
components. Naturally, this independence and the related properties of inter-
changeability and interoperability are only achievable with a strong separation
of concerns, a principle suggested by Dijkstra [92], that applied here translates
to separating the way the components are put or glued together—which is
thus called the glue code—and their individual behavior. Therefore, each com-
ponent has two layers: One for cooperation that specifies the ports and that
can be referred to in the glue code and an internal one that describes the be-

1http ://www.omg.org/spec/CORBA/
2http ://www.microsoft.com/com/
3http ://www.oracle.com/technetwork/java/javaee/ejb/
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havior and that cannot be accessed by other components or the glue code. This
separation ensures the reusability of the components since no assumptions
are made on the context where a component is deployed in. Furthermore, the
independent production of functionality or its acquisition is supported in this
way which is in accordance with the definition of Szyperski [249].

In the introduction to this thesis, we wrote that a model of the later software
product should be available as early as possible to guarantee the correctness
of further development steps. Thus, a component model needs to be defined
that is compliant with the definition of a software component as above and
that allows for correctness proofs, i.e., enables the usage of formal methods
that we address in the next section.

1.1.2 Approaching Formal Methods

The use of formal methods aims at applying mathematical techniques to the
process of specifying and verifying software and hardware systems [67], i.e.,
the specification stipulates what the system should do by means of formal
properties and how the system behaves by means of a formal model whereas
the verification ensures that the properties are satisfied by the model. More-
over, verification techniques can also be used to show the conformance of
two models where typically one model refines the other other one, e.g., when
parts of an abstract model are substituted by a more concrete implementation.
The level of mathematical rigor makes it possible that all deductions about a
system can be formally proven if the structures and methods are well defined,
i.e., we have a formal syntax and semantics. However, as pointed out by
Clarke and Wing [67], formal methods do not a priori guarantee correctness,
and DeMillo et al. [88] already argued convincingly in 1979 that program veri-
fication will never play the role of proofs in mathematics—which was believed
at this time. Nevertheless, such formal techniques often reveal inconsistencies,
ambiguities, and incompleteness, i.e., faulty design decisions that should be
detected as earlier as possible. This particularly holds for concurrent systems
where such faults are very hard to detect, e.g., unforeseen interleaving or
mutual access to shared resources [23, Example 1.1]. We refer to the book
of Peled [225, Chapter 1] and to Wing [263] for an exhaustive introduction
to formal methods, but address some highlights in the next paragraphs—a
historical overview is given by Baeten [21] and Clarke and Wing [67].

The history of formal specification of software goes back to the design of
programming languages where, e.g., Backus [18] suggested his BNF notation
for the formal syntax of a programming language in 1959. Even earlier, but
not in a software related context, the field of formal language theory offers a
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variety of concepts for formal specification, e.g., the string rewriting system by
Thue [252] around 1914, the Post canonical system [232] published in 1943, or
Chomsky’s work on grammars [64] in the mid of the 1950s. Of course, Turing
machines [254] and the lambda calculus [65] introduced in the 1930s can also
be understood as a formal specification. These formalisms have in common
that they are models for sequential computation. With respect to concurrency,
where software components can be understood as concurrently cooperating
entities, seminal work by Petri [227] and Dijkstra [90] in the 1960s laid the
foundation for a whole research area that is nowadays known as concurrency
theory. In particular, the work on process algebras such as Hoare’s Communi-
cating Sequential Processes (CSP) [141], Milner’s Calculus of Communicating
Systems (CCS) [200], and Bergstra and Klop’s Algebra of Communicating Pro-
cesses (ACP) [37] paved the way for the formal and mathematically rigorous
modeling and analysis of concurrent systems. We refer to Cleaveland and
Smolka [73] for a thorough historical overview of concurrency theory and to
Baeten [20] for a brief history of process algebra.

A rich body of work addresses formal methods with respect to more concrete
implementations. For instance, the Vienna Development Method [42] intro-
duced at IBM around 1972 in work on compiler development, which became
standardized in the 1990s by the International Organization for Standardiza-
tion, provides both a high-level modeling to conduct correctness proofs due
to its formal semantics and a refinement process that allows to turn the model
into executable code. Comparable work was done by Abrial et al. [4] on their
Z notation, which influenced a lot of further work such as the B-Method which
has been used to design the software of the Paris Métro Line 14 which com-
pletely operates automatically [168] and of which it is claimed that there are
no bugs found yet. Another example is the Analytical Software Design (ASD)
method [48] that incorporates formal methods to traditional development of
industrial control software and which has for instance been used to develop
the control components of an interventional X-ray system at the company
Philips Healthcare [215]. The analysis by Groote et al. [132] of the effects of
applying the ASD method in this case shows that not only the quality of the
software is improved, but also the development time is reduced.

The properties of a system can also be described as a model but it is more
convenient and less error-prone to use a formal logic. Here, temporal logic has
proven to be useful and has been put in a program verification context around
1980, e.g., the seminal work by Pnueli [230], Lamport [165], Ben-Ari et al. [33],
Clarke and Emerson [66], and Emerson and Halpern [95]. Interestingly, the use
of logic to assert the correctness of computer programs was already addressed
by Hoare [139] at the end of the 1960—known today as Hoare logic—based
on similar work by Floyd [101] on flowcharts. Here, each program step is
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equipped with pre- and postconditions and by means of axioms and interfer-
ence rules the correctness of the program, which in this case corresponds to a
correct input-output behavior, can be deduced. Hence, this formal method is
known as deductive program verification. In this direction, so-called theorem
provers such as PVS [217], Isabelle/HOL [213], or ACL2 [155] can help to
mechanize the deduction process or provide interactive guidance and have
successfully been applied in the context of formal methods. For instance, the
book of Kaufmann et al. [156] contains various industrial case studies that
show how ACL2 helps to “design, build, and maintain hardware and software
systems faster and more reliably” [156].

Nowadays, due to the seminal work of Clarke and Emerson [66] and Queille
and Sifakis [235] from 1982, the property verification process can be carried
out in an automatic way known as model checking, which allows for establish-
ing correctness of systems of realistic size and has been successfully used in
a number of projects [194]—especially due to the advent of symbolic model
checking [57] in the 1990s using binary decision diagrams [55] as the un-
derlying data structure. However, as we discuss in the next section, model
checking can be infeasible if it is applied without further insights. We want
to mention the textbooks of Clarke et al. [72] and Baier and Katoen [23] that
offer a good introduction and exhaustive information on the topic of model
checking.

Now, for a successful marriage of software components and formal meth-
ods, a formal component model needs to be defined, i.e., the behavior of the
components and the cooperation by means of the ports needs to be mathe-
matically specified, which then allows for verification of system properties.
Various formalisms have been suggested to be used as such a model, e.g.,
process algebras [8, 176], channel-based methods [12], interface theories and
automata [47, 81], Petri nets [1, 79], and interaction systems [121-123, 243]—
which we also use as the formal component model in this thesis.

In interaction systems, each component provides a set of actions which are
understood as ports of the associated component and which abstract from data
and input/output operations. These ports are used to glue components to-
gether by so-called interactions, i.e., interactions model the cooperation among
the components. Such an interaction consists of actions of different compo-
nents and is also a step of the global behavior, i.e., it can be executed only if all
participating components are able to execute their appropriate action. Each
component’s ability to execute actions, i.e., the behavior of the component,
is modeled as a labeled transition system, where the set of labels equals the
set of actions. The global behavior of the system is derived by executing the
interactions nondeterministically according to their executability.
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Here, we do not continue to compare this model with the above mentioned
formalisms; we postpone this study to Chapter 2 where we also formally define
interaction systems and show how properties can be verified. Next, we address
the third constituent of the thesis’ title: The computational viewpoint.

1.1.3 The Computational Viewpoint

A computational viewpoint is of course inherent in computer science because
of its nature to approach problems algorithmically under the limitations of
the underlying computing hardware. The success of a more theoretical view,
which was introduced among other concepts with the definition of Turing
machines [254], establishes an abstraction of current computational limitations
and provides a taxonomy known as computational complexity theory that
classifies problems with respect to their computational hardness [108, 220].
Moreover as argued by Karp [154], science in many fields can be seen through
a so-called computational lens, i.e., systems in, say, physical or social science
or in engineering can be classified by their computational requirements, and
an algorithmic worldview offers new ways to understand scientific problems.
Applying this computational view often changes the question of well-defined
problems from “can it be solved” to “can it efficiently be solved” (which is, of
course, only possible if the problem is decidable). We embrace this view in this
thesis and focus on ideas and directions that provide an efficient solution from
the computational perspective. Moreover, we analyze the costs of all our algo-
rithmic approaches and classify problems with respect to their computational
complexity.

In our setting where we apply formal methods to (a model of) software com-
ponents, a well-known problem exists that complicates the quest for efficient
techniques, viz. the state space explosion problem. Here, the combinatorial
possibilities of the interleaved behavior of the components (which we call, as
already mentioned above, the global behavior of an interaction system) are
numerous, i.e., exponential in the number of components. Thus, property
verification is a computationally hard task because a state space analysis of
the global behavior can be infeasible.

We want to mention that several techniques have been developed to mitigate
the explosion of the state space. For instance, partial order reduction [118]
aims at identifying actions whose order of execution (in a sequence) does
not affect the state that is finally reached. It is thus not necessary to analyze
all intermediate states with respect to these sequences of actions since one
execution sequence is sufficient if we are only interested in the final state.
Clearly, the omission of all other execution sequences and the involved in-
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termediate states can significantly reduce the state space. Similar ideas are
known as the stubborn set method [255] or model checking using represen-
tatives [224], and the idea behind T-confluence (together with T-priorisation
to yield a state space reduction) is also related [127, 128]. Other ideas exploit
symmetries if several identical components constitute the system in question
or if there are structural symmetries in the system’s description in order to
gain a state space reduction [70, 98, 147], or the compositionality of the system
is exploited [69, 125, 126, 150, 167]. The process of abstraction is also helpful in
this direction where a verification question sometimes can be answered on a
small representation of the state space (the abstract model) instead of the orig-
inal, huge one (the concrete model). Here, work by Cousot and Cousot [77]
known as abstract interpretation provides relations between abstract and con-
crete models which allows for establishing properties in the abstract model
that also hold in the concrete one. Such abstraction techniques have also been
applied for model checking [71].

Moreover, there are efficient, tailored approaches with respect to a certain
property that are comparable to a (mathematical) sufficient condition [8, 16,
39, 49, 124, 137, 146, 179, 180]: If certain preconditions hold locally, then we
can conclude that the property in question holds globally, i.e., such conditions
aim at providing efficiently checkable preconditions (“locally”), that ensure
the property’s validity without constructing the system’s overall state space
(“globally”). Seen from a computational viewpoint, such conditions are very
attractive if the satisfiability check of all preconditions can be carried out in
polynomial time (with respect to the input size of the system).

In the next section, we address the connection of the above discussed topics to
this thesis.

1.2 Goals and Findings

We address the goals that we want to achieve in this thesis, i.e., we give the
problem statement, motivation, and the methods we apply, and our findings,
i.e., we give the contribution of this thesis, a short roadmap, and relations to
other work in the literature.

1.2.1 Problem Statement and Motivation

We approach component-based development from a mathematically rigor-
ous and formal point of view including the computational aspects. Based
on work by Gossler and Sifakis [121, 123], we consider a model for software
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components, called interaction systems, that takes the desired features of
component-based development into account and that allows for the specifica-
tion of complex software systems, but is amenable for the application of formal
methods such as property verification techniques, i.e., proving that a certain
model of a system satisfies a certain property. In particular, we research on
how the features of software components can be exploited to make property
verification an easier job. The goal of our research is that we want to derive
efficient and automatic property verification techniques, i.e., we put an emphasis
on efficiency and practicability in our approaches and establish algorithms
that run in polynomial time in the size of their input, which is the system’s
specification. However, this efficiency cannot be guaranteed for all systems
due to computational complexity results, and we thus consider assumptions
under which we can check whether a certain property holds by means of a
polynomial-time algorithm. These assumptions are derived from the features
of component-based systems, which supports that the component-based idea
allows for the development of tailored formal methods.

We want to point out that our research should be understood as being com-
plementary to other formal techniques, i.e., we envision a toolbox of formal
methods from which a software developer can choose or which are applied
automatically in the background during the specification and development of
a software product.

The motivation for such an approach was already mentioned above: The
earlier a fault is detected in a software product, the cheaper and easier is its
correction or mitigation. Since typical development strategies start with a
model of the later product, we need to ensure the correctness of this early
model in order to be able to rely on it in later development steps, e.g., when
we substitute real software code for the components. Moreover, as Groote
et al. [132] discussed convincingly, formal methods not only improve the
quality of software products, but also reduce their development time, i.e.,
there is no good reason to refrain from using formal methods in software
development.

1.2.2 Methodologies

We formalize all ideas in a mathematical notation and build our work solely on
these definitions, i.e., we avoid ambiguities that are typically introduced with
informal texts. This rigorous work enables us to formally prove all statements
of this thesis. Since we are interested in automatic and efficient approaches, we
give pseudocode implementations of all (non-obvious to implement) results
and analyze these algorithms with respect to their computational costs (in
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an abstract machine model) and provide upper bounds for their runtime.
Moreover, we experimentally evaluate some of the results by means of a
prototype implementation to support our interpretation of the theoretical
bounds (in a concrete machine model). We give detailed references if we
employ methods from the literature and illustrate our ideas by means of
examples; in particular, we use a running example that follows us through all
chapters and which we introduce in Section 1.3 of this chapter.

1.2.3 Contributions and Roadmap

We give a high-level overview of our contributions and provide a roadmap
that links to the corresponding chapters. We contribute the following:

1. We extend the original model of interaction systems [121] to allow for un-
observable behavior—by means of an advanced interaction model and
an adapted global behavior—and multiple initial states. Furthermore,
we provide a behavioral equivalence for interaction systems that, after a
discussion of suitable equivalences from the literature, corresponds to
branching bisimilarity with explicit divergence [115].

2. We discuss several properties of interaction systems with a focus on
deadlocks and livelocks. Here, deadlocks have been immensely studied
in interaction systems, and particularly the computational complexity
of deadlock detection has been precisely determined, which we review
in detail. We introduce the property of livelock-freedom for interac-
tion systems, which becomes important with the introduction of our
advanced interaction model, and also address its computational com-
plexity. Moreover, we define properties by using formal logic as a means
for specification, which also enables the use of model checkers in inter-
action systems. However, the well-known phenomenon of state space
explosion can render model checking on the overall system behavior
infeasible as discussed in Section 1.1.3. This opens the challenge to find
verification techniques that avoid or mitigate state space explosion.

3. We introduce three operators that allow for compositionality and abstrac-
tion in interaction system in order to support the concepts of correctness
by construction, hierarchical modeling, compositional reduction, and
compositional verification:

e A composition operator that allows for composing arbitrarily many
interaction systems in a flexible way and that is guaranteed to yield
a valid interaction system. We also derive a binary variant and
show its associativity and commutativity.
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e An abstraction operator that enables the modification of an inter-
action system’s interaction model such that certain interactions
become unobservable in the system’s global behavior and are no
longer available for further composition steps.

e A decomposition operator that projects a given interaction system
to a subset of the set of components. The resulting system is again
an interaction system, and we show how it can be re-composed
with the remaining components to get back to the original system
in an automatic and convenient way.

We discuss the connection of these operators, i.e., how they can be
used together in an algebraic way, and derive various useful properties
such as whether the chosen behavioral equivalence is a congruence
with respect to the operators for interaction systems. Moreover, we
address under which assumptions the composition operator allows for
a correctness-by-construction approach.

4. In order to open up new ways to tackle the above mentioned state space
explosion problem, we introduce architectural constraints for interac-
tion systems that are based on undirected graphs and that restrict the
cooperation structure, i.e., the way the components are allowed to coop-
erate. Here, constraints that postulate the acyclicity of the cooperation
structure have been proven to be useful for the efficient verification of
the property of deadlock-freedom. The intuition behind considering
acyclic cooperation structures is that in such systems, the presence of
circular waiting situations and hence potential deadlocks is reduced.
We define two acyclic constraints, viz. star-like and tree-like architectures.
Moreover, we drop the acyclicity requirement and admit certain cycles
that exclude a circular waiting of three or more components such that
the reasons of the single waits are unrelated. This leads to a novel archi-
tectural constraint called disjoint circular wait free architecture, which is
particularly useful in systems with multiway cooperations when, e.g.,
one component i cooperates with components ji, ..., j, (individually
and all n + 1 together) but no jx cooperates with a j; without i (for k # I).

5. We show that checking whether a given interaction system satisfies one
of our architectural constraints can be carried out in polynomial time in
the number of components and interactions. This time bound is essential
since the check must not be more costly than the verification of a condi-
tion that is based on such a constraint. Here, the procedure is straight-
forward for star-like and tree-like architectures but more involved for
disjoint circular wait free ones. We show that we can nevertheless answer
this question in polynomial time by means of flow networks.
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6. We study the classification of interaction systems with a disjoint circular
wait free architecture (and discuss similar classifications for the other
architectures from the literature):

e We show that an arbitrary interaction system can be transformed
in linear time into a system obeying our architectural constraint
of disjoint circular wait freedom and exhibiting nearly identical
behavior, viz. isomorphic up to transition relabeling. Potentially,
this opens the door for more techniques that explicitly rely on our
architectural constraint.

e We give a linear-time many-to-one reduction based on the above
mentioned transformation which allows us to derive various com-
putational complexity results for architecturally constrained interac-
tion systems from results known for arbitrary interaction systems.

7. The introduction of behavioral equivalences in interaction systems al-
lows for a compositional reduction technique. We address how such a
reduction can be employed in interaction systems in a compositional
and efficient way;, i.e., without constructing the global behavior and thus
circumventing the state space explosion problem. In this connection,
star-like and tree-like architectures are important in order to identify the
components that are amenable to such a reduction. Furthermore, the
approach allows for an exponential speedup of property verification in
certain scenarios.

8. We show how to use architectural constraints to establish a polynomial-
time checkable condition for deadlock-freedom of interaction systems
that extends an earlier approach by Majster-Cederbaum and Martens
[180]. The class of systems that can be tackled with our condition extends
the class of systems studied by various authors [39, 49, 137, 179, 180]
with respect to the architectural constraints. We evaluate this conditional
approach with respect to global state space analyses.

9. We improve the approach of Majster-Cederbaum and Martens [180] by
avoiding their polynomial-time preprocessing step that establishes a
property of interaction systems called “strongly exclusive communica-
tion”, which is important for the technique presented by the authors.
But, this preprocessing possibly enlarges the behavior of the compo-
nents for the verification process. We show that this step is completely
unnecessary as the required information can already be extracted before-
hand. We demonstrate the effect of this avoidance with an experimental
evaluation of several example systems.

10. We introduce a gray-box view for interaction systems. Such a view
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typically stipulates that the behavior of the components is not fully
accessible—as in a white-box view—and is reasonable if the complete
behavior should not be disclosed or is still in development. Now, it is
interesting to ask whether we can still verify properties of the whole
system if we do not have access to the full behavior of the components,
or which additional assumptions we need such that property verification
becomes possible. We show that small representatives of the behavior
with respect to a component’s cooperation partners suffice to verify
deadlock-freedom if they comply with a certain equivalence. Moreover,
the small size of these representatives allows for a quadratic speedup of
deadlock detection in some situations.

We introduce and discuss these contributions in detail in the following chap-
ters and in doing so keep to the following roadmap: We formally define
interaction systems and their properties in Chapter 2, discuss the three opera-
tors in Chapter 3, introduce architectural constraints in Chapter 4, show how
these constraints allow for compositional reduction in combination with the
operators in Chapter 5, address the efficient verification of deadlock-freedom
in Chapter 6, establish the gray-box view in Chapter 7, and conclude the thesis
in Chapter 8.

We want to point out that part of the work enumerated above has already been
published. The extensions of the original model (Chapter 2) were presented at
the doctoral symposium of the FM 2009 conference [160] and at the ICE 2010
workshop [161] where the first work also introduced the operators for interac-
tion systems (Chapter 3) and the reduction technique (Chapter 5) and the latter
work the gray-box view for interaction systems (Chapter 7). Our best-paper
award winning work on architectures and deadlock-freedom (Chapters 4
and 6) appeared in the proceedings of the FSEN 2011 conference [162] and
an extended and more detailed version was submitted to Elsevier’s SCP jour-
nal [163].

1.2.4 Related Work

We already mentioned that various authors studied formal models for software
components—such that formal methods become applicable—and addressed
some related work in Section 1.1. Moreover, the notion of an architecture
description language that describes software architectures [110, 192] is related
to the idea of software components, e.g., the separation of behavior and
topology is an important guideline for software architectures [6]. In these
directions, we here exemplarily mention the work on PADL by Bernardo et al.
[39], Java/A by Hennicker et al. [137], SOFA by Plasil et al. [229], Darwin
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by Magee et al. [176], and Wright by Allen and Garlan [8]. Since our work is
based on and extends the formalism of interaction systems as introduced by
Gossler and Sifakis [121], we provide a comparison with respect to these (and
further) works; however, we postpone this discussion to Section 2.1.4 of the
next chapter—after we formally introduced interaction systems.

In a similar vein, we deal with related work regarding our contributions that
we enumerated in the previous section: Each chapter has its own related
work section where we discuss and compare our results with approaches from
the literature. Furthermore, we include references in the beginning of some
chapters where we motivate the upcoming ideas, and sometimes directly after
a definition to recognize and acknowledge related ideas.

In the next section, we introduce a running example that follows us through
all subsequent chapters in order to illustrate our definitions and results.

1.3 Running Example: Merchandise Management

We consider a merchandise management system (MMS) for wholesalers which
manages orders of customers and supplies in the wholesaler’s storage. The
MMS offers several modes of operation: A wholesaler may directly deliver
after receiving an order, may demand from a customer to ask for a reserva-
tion before ordering, and may accept direct orders but request nevertheless
a reservation. Additionally, any reservation is printed out for internal use
and all operations can be cancelled with potential reimbursement. This ver-
satile behavior is reasonable if we assume that the MMS is developed by a
software company that wants to sell it as a software component to a variety of
wholesalers with different requirements.

We now take a look at a particular wholesaler that bought this MMS as a
software component and uses a storage system in which goods need to get
reserved before they can be delivered. Additionally, this wholesaler requests
from its customers to ask for a reservation before placing an order. We assume
that the entire software of the wholesaler consists of three parts and is given
as three components, one for each of the customer, merchandise management,
and storage part. These components need to be glued together in order to
form a functioning system that satisfies the needs of the particular wholesaler.
Figure 1.1 on the facing page gives an overview of the components, their
behavior, and their cooperation.

When we formally define the formal component model in the next chapter,
we come back to the merchandise management example to illustrate this
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[ MERCHANDISE MANAGEMENT ]

ask for reservations reserve and de-
and order goods allows liver goods
[ CUSTOMER ] [ STORAGE ]
3% %
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customers ask ordering with or w/o reservations, only previously
for reservations delivering with or w/o reservations, reserved goods
before ordering printing of reservations, reimbursement are delivered

Figure 1.1: The merchandise management example

definition. We conclude the introduction with some conventions for the
subsequent chapters.

1.4 Conventions

Throughout this thesis, the following conventions are used for definitions,
mathematical statements, and the notation of algorithms in pseudocode, which
we use as a high-level algorithmic description language because it allows to
neglect unnecessary details of real programming languages such as special
variable declarations and obscure syntaxes. Here, we use a similar notation as
found in the book of Cormen et al. [76].

We adhere to the following rules where we also include all notations that are
used ambiguously in the literature:

e We number all definitions, examples, propositions, lemmata, theorems,
and corollaries in a consecutive order where we use one counter for each
chapter. In our opinion, this makes it much easier to find referenced
entities by browsing through the text.

e Figures, tables, and algorithm listings cannot be included in this num-
bering scheme because they are placed where they fit in the text. We
thus provide a list of figures, tables, and algorithms at pages xxiii, xxvii,
and xvii respectively. Furthermore, we provide a list of definitions on
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page xix and an index on page 297, which includes all used symbols.
The empty set is denoted by the symbol “@” or by “{}".
The powerset of a set S is denoted by “25”.

A subset relation is denoted by “C” and a strict (or proper) subset
relation by “C”. For a superset relation, “2” and “D” are used.

A Cartesian product is denoted by “x” whereas multiplication is de-
noted by a centered dot: “-”. A sequence of products is denoted by “T]”
in each case, e.g., Hie{1,2,3} S; = §1 X S5 x S3 for three sets Sy, S,, and S3.

In pseudocode algorithms, we use the symbol “ =" as the assignment
operator and “==" for equality comparisons.

For a binary relation R over a finite set S,i.e., R C S x S, we denote its
reflexive closure by “R~", its transitive closure by “R"”, its reflexive
transitive closure by “R*”, and its symmetric closure by “R”.

In (predicate) logic formulae, we denote negation by “—”, conjunction
by “A”, disjunction by “V”, and implication by “=". A universal
quantification is denoted by “V” and an existential one by “3”. We
ensure throughout the thesis that the interpretation of such a formula
is clear from the context, and we use the following abbreviations: We
write “Vx € P: F(x)” for “Vx(P(x) = F(x))” and “Ix € P: F(x)”
for “Ix(P(x) A F(x))” where P is a predicate and F is a formula, i.e.,
the scope of a quantification is extended after the colon to get rid of the
outer parentheses.

A superscripted “1” denotes that the symbol T (which is the only symbol
used as such a superscript) is an element of a set, i.e., ST := SU {7} for
a set S. Similarly, a superscripted slashed 7 (“7 ") denotes that 7 is not
part of a set, i.e., S7 := S\ {7} for aset S.

In the next chapter, we provide the formal foundation of this thesis.
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Chapter 2

Interaction Systems

In this chapter, we formalize the setting of our goals mentioned in the intro-
duction. We give a formal representation of components and their cooperation
called interaction system, derive its overall observable behavior, define generic,
parametrized, and specific properties of this behavior, compare various no-
tions of behavioral equivalence from the literature in this setting, and finally
select one of these notions that matches our goals and which we use in the
subsequent chapters of this thesis.

21 From Components and Interactions to Interaction
Systems

As mentioned in Section 1.1 of Chapter 1, the concept of components allows to
separate the concerns of the static and the dynamic part of a system. Clearly,
this separation should also be visible in a formal model for components. We
start out with the static part called component system that models the available
components and their means for cooperation with their environment. After
that, we describe the way the components cooperate which constitutes the
interaction model. These two entities are then combined and equipped with the
dynamic part, which finally results in interaction systems.

The following definitions are based on the original work on interaction systems
by Gossler and Sifakis [121, 123] with adjustments by Majster-Cederbaum
and Minnameier [183, 184], Majster-Cederbaum and Martens [179, 180], and
ourselves [160, 161]. The biggest change to the original model occurs for
the interaction model—we discuss the differences in detail after its formal
definition.
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2.1.1 Component System

A component is considered as an entity with a unique name and a unique set
of ports (called actions) that are offered for cooperation to its environment.
Note that the uniqueness is not a restriction at all, since equal names could be
distinguished by additional indices or identifiers.

Definition 2.1 (Component System): A component system CS is defined by
means of a tuple (Comp, { A; }iccomp) Where Comp is a finite set of components,
which are referred to as i € Comp, and {A;}iccomp is a family of finite sets
called action sets (one for each component) that are pairwise disjoint, i.e., we
have Vi,j € Comp:i #j = A;NA; = @. An element a; of an action set A;
is called an action of component i. All actions of CS are contained in the global
action set Act := Ujccomp Ai-

We now successively build up a formal representation of our running example,
the merchandise management system, as introduced in Section 1.3. First, we
specify the set of components:

Comp = {c,m,s} —for customer, merchandise management, and storage.

Then, we use the operations that were described in Section 1.3 to specify the
action set for each component (in alphabetic order):

A = {abort.,ask., buy,, refund.},
Ay = {cancel,, delivery,, ordery,, payy,, print,,, reimburse,,, release,,, reservey, },

As = {marks, unmarks, ships }.

We always subscript an action with the name of its corresponding component
in the sequel. On the one hand, this guarantees that all action sets are disjoint—
as required by Definition 2.1—on the other hand, it allows to quickly identify
the corresponding component. Note that the component system of our run-
ning example is completely specified with CS = (Comp, { Ac, Am, As}).

Throughout the thesis, we use a graphical representation to visualize com-
ponent systems. Figure 2.1 on the facing page depicts this representation for
our running example. Here, components are depicted as yellow boxes which
contain the name of the component as an identifier. Actions are depicted
as black semicircles at the border of the component boxes. Next to such a
semicircle, we write the name of the corresponding action.

This completes the static part for the individual components. Next, we define
how the components cooperate.
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refund, reimburse,, print,,
buy, PaYm reserve,, mark
C m S
ask, order,, deliver,, ships
abort, cancel, release,, unmarks

Figure 2.1: Component system of the merchandise management example

2.1.2 Interaction Model

In a component system, each component offers a set of actions for cooperation.
As already mentioned in Chapter 1, we only model synchronous communica-
tion or rendezvous in this thesis, and thus cooperations among the components
can be defined as sets of actions that have to happen synchronously, i.e., each
element of such a set is dependent on all other elements. Such a set is called
an interaction and defined as follows.

Definition 2.2 (Interaction): Let CS be a component system. An interaction
of CS is a nonempty finite set « C Act of actions that contains at most one
action of every component, i.e., we require |« N A;| < 1 for all i € Comp. For
an interaction « and a component i, we define i(ax) := A; N« and say that i
participates in « if i(x) # @. By compset(x) := {i € Comp | i(x) # D} we
denote the set of components participating in an interaction «.

We can now use this definition to specify any cooperation or interaction respec-
tively that is possible among the components. This leads us to the definition
of the interaction model that specifies the set of all allowed interactions. For
consistency, we require that each action is contained in at least one interaction.
If no cooperation using a particular action of a component is planned, we have
to include a singleton interaction modeling that this action is independent.
Furthermore, we want to distinguish which of these interactions are visible
to an outside observer. Thus, for any interaction we specify its observability:
If it is a so-called closed interaction, the corresponding synchronization of the
participating components is unobservable for an outside observer, otherwise
the interaction is called an open interaction.

Definition 2.3 (Interaction Model): Let CS be a component system. An inter-
action model IM is a tuple (CS, Int, Intqoseq) Where interaction set Int is a finite
set of interactions which covers all actions, i.e., e & = Act, and closed
interaction set Int oseq is a subset of Int. By Intopen = Int \ Intqoseq We denote
the set of non-closed interactions which we call open interactions. We say that
a set of components cooperates if an interaction exists where all those com-
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ponents participate in, i.e., the components in a set C C Comp cooperate if
Ja € Int: C C compset(a) holds.

Next, we give an example for Definition 2.3 and introduce the interactions of
our running example. We set:

Int = { {abort., cancely, }, {ask., order,, }, {buy., pay, }, {deliver,,, ships},

{print,, }, {refund., reimburse,, }, { release,,, unmark; }, { reserve,,, marks } },

Intgosea = {{printm}}.

The interaction {print,,} is defined as a closed interaction, i.e., it is per-
ceived as an internal operation by an outside observer. Observe that IM =
(CS, Int, Intpseq) with CS as defined above (cf. page 18) completely specifies
the interaction model of our running example.

We extend the graphical representation that we introduced for component
systems to also depict the cooperation information. Figure 2.2 depicts the
graphical representation of the interaction model of our running example.
Interactions are depicted as black lines connecting the corresponding actions.
If an interaction is a singleton, we omit any lines if no other interaction exists
where the particular action is part of. Otherwise, we use a loop line connecting
the corresponding action with itself. In case an interaction is closed, we use
gray color (cf. the print (inter-)action of component m in Figure 2.2).

reimbursey, printy,
paym reservey, mark,
S
order,, deliver,, ships
cancel, release,, unmarks

Figure 2.2: Interaction model of the merchandise management example

We have to admit that our running example does not show the flexibility of
interaction models but its simplicity is more helpful for illustrating our ideas.
But, we give a small example demonstrating this feature.

Example 2.4: Consider a radio station and two listeners modeled as three
components s, I, and [;. The radio station has a single action broadcast,s
whereas the listeners have actions listen;, and listen;, respectively. Now, an
interaction model for this component system allows for a lot of flexibility in
the specification because the multiway cooperation, that interaction models
allow for, facilitates a very compact and convenient modeling on a certain
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level of abstraction. For instance, consider the following set of interactions:

Int = {{broadcastrs}, {broadcast,s, listeny, }, { broadcast,s, listen,, },

{broadcast,s, listen,,, listeny, } }.

Here, we specify that the radio station is always able to broadcast its signal
independently of the number of listeners but no listener can execute its action
if the station’s signal is unavailable. We can remove the singleton {broadcast, }
from this set to require that at least one listener is present, or only allow the
interaction of all three components, i.e., Int = {{broadcastrs, listeny,, listen;, } },
to enforce the listening of all available listeners and otherwise block the signal.

We continue with some historical remarks about the interaction model. Origi-
nally, Gossler and Sifakis [121] use the name “connector” for a set of actions
(of different components) that models a synchronization of the involved com-
ponents. They require that the set of all connectors covers all actions and that
any connector is maximal with respect to set inclusion among all connectors.
A special operator “I(-)” is defined that returns for a given connector the set
of all of its subsets, and such a subset is called an interaction. This operator is
extended to also accept a set of connectors such that it returns the union of all
subsets of the contained connectors. Additionally to the set of connectors, a set
of “complete interactions” is specified in their interaction model that contains
some of the possible interactions and any superset of such an interaction that
is also an interaction. These complete interactions represent all partial syn-
chronizations (with respect to a connector) that are possible in the system, e.g.,
if not all components of a connector are ready for synchronization, a subset of
these can proceed if a corresponding complete interaction is defined.

This original interaction model was modified and extended several times; we
shortly highlight some modifications. Majster-Cederbaum and Minnameier
[183] first use the name “Int” for the set of all interactions of the original
model of Gossler and Sifakis [121], i.e., the union of all sets I(C) for all sets
C of connectors. Majster-Cederbaum and Martens [179] modify the original
model and only use a set of maximal connectors, i.e., without the set of
complete interactions. Later, they also drop the maximality requirement
of the connectors as well [180], i.e., any possible synchronization among
the components is modeled as a connector. Similarly, Majster-Cederbaum
and Minnameier [184] and ourselves [160] neglect the requirements of the
original model and additionally drop the now obsolete name “connector”
and simply call a set of actions an interaction—note that we also use this
understanding in Definition 2.3. The presence of closed interactions, that
should be unobservable from an outside view, is introduced to allow for
abstraction by ourselves [160].
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The definition of the interaction model completes the static part. We now
add the behavior of the components to the interaction model, which yields
interaction systems.

2.1.3 Interaction System

Several ways of modeling the behavior of an entity in a formal way can be
found in the literature, e.g., flow charts, nets, logic, automata, or mathematical
equations. Typically, all of these notions have in common that several behav-
ioral states can be distinguished and that the information provided by the
current state influences the future behavior, i.e., we have transitions between
the states that model behavioral actions taking place.

Here, we follow this basic observation and use labeled transition systems for any
behavioral description throughout this thesis. According to Baier and Katoen
[23, Section 2.5], labeled transition systems where first used for the verification
of concurrent programs by Keller [157]—under the related name “named
transition systems”—and they can also be used for hardware verification [158,
Chapter 3]. But, these systems have a much older and richer history, since
similarities can be found with many popular computational models such as
Turing machines, finite-state machines, or Petri nets, to mention just a few. For
instance, Brookes and Rounds [50] trace them back to the nondeterministic
automata of Rabin and Scott [236]. We refer to the book of Savage [239] for a
detailed overview of computational models. Lee and Sangiovanni-Vincentelli
[170] provide a comparison of such models in a concurrent setting.

Now, adding a labeled transition system for each component that uses the
corresponding action set as its alphabet, fully specifies the behavior of each
component. Please note that we do not formally define labeled transition sys-
tems at this point, but for convenience, included this definition in Appendix A
and refer the interested reader to Definition A.1.

Definition 2.5 (Interaction System): Let IM be an interaction model. An inter-
action system Sys is defined by means of a tuple (IM, {LTS; };ccomp). The behav-
ioral model {LTSi}iecomp is a family of labeled transition systems with LTS; =
(Si, Ai, {25 }aen,, S?), ie., for each component exists a labeled transition sys-
tem over its action set! which we call the (local) behavior of the component. For
convenience, we write [[i]] instead of LTS;. Further, we assume that the compo-
nents’ sets of states are disjoint, i.e., Vi,j € Comp: i #j = S;N S; =@, and
that all sets of states are nonempty, i.e., Vi € Comp: |S;| > |S?] > 0.

1“Labeled transition system over a set” means that this set is the alphabet of the system.
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We require that at least one state is present for any component, because this
is the simplest behavior that can be modeled using labeled transition sys-
tems. An empty set of states does not correspond to “no-behavior”, it is an
underspecification of the system—no-behavior is a single initial state with no
outgoing transition.

Historically, the labeled transition systems modeling the behavior of the com-
ponents were only allowed to have one initial state, i.e., [S?| = 1 for all
i € Comp. Since this is not an important restriction and other models, e.g., con-
straint automata [24], allow for more than one initial state, we here also use this
more general definition, i.e., we only require |S?| > 1 for all i € Comp.

We now complete the specification of our running example by introducing a
labeled transition system for each of the three components. Here, we directly
use the informal description of the behavior of the components given in the
introduction of the example in Section 1.3. For instance, the management
component allows for ordering goods as well as directly paying them, which
we model as transitions leading to different states. Here, it is much more
convenient to use a graphical representation for labeled transition systems
instead of giving the binary relations representing the transitions directly (cf.
Definition A.1). For instance, Figure 2.3 depicts [m].

deliver,

reseroey,

cancel,y, paym

reimburse,,

reseroey

Figure 2.3: Behavior of the management component m

In the graphical representation, we identify a state such as s}, with a circled,
gray-colored 1: (). We omit the name of the component since it is clear from
the context in all our examples. An initial state is represented by a similar
circle but with green color, e.g., state s, as (0), and with a sourceless incoming
arrow. A transition is depicted in the same manner, e.g., 521 %m s}n as

Q@ }ordern (D). Note that different labeled transitions between the same source
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and destination state are depicted as one arrow with a comma-separated list
of labels, e.g., consider the deliver,,- and reimburse,,-transitions between states
s2, and s), in Figure 2.3.

We also have to specify the behavior of the other two components and again
use our graphical representation for this task: [[c] is given in Figure 2.4 (a) and
[s] is given in Figure 2.4 (b).

refund
funde ask, mark,
ol @ O
buy., abort, ships, unmark;
(a) Behavior of the customer component ¢ (b) Behavior of the storage component s

Figure 2.4: Behavior of the customer (a) and the storage component (b)

Observe that the alphabets of the three labeled transition systems [c], [m]],
and [[s] respectively correspond to the action sets A, A, and A; respectively
of the components as defined on page 18, i.e., all labeled transition systems
are valid behaviors with respect to Definition 2.5.

We now completely specified the interaction system for our running example
according to Definition 2.5. As a summary, we have (with Comp, Ac, Am, As
defined on page 18 and Int, Intoseq 0N page 20):

( ( (COTHP, {Aw Am, As})/ Int, Intclosed) ’ { [[C]]/ [[m]]/ [[S]] })

component system

interaction model

interaction system

We refer to this system as Sysyvs in the sequel.

2.1.4 Remarks and Related Models

As demonstrated by our example interaction system Sysynvs, the formalism of
interaction systems allows for a very convenient and flexible way of specifying
the cooperation among the components. We already discussed the origins
of interaction systems in the previous sections, but want to point out that
interaction systems are used as the theoretical model of the BIP framework [30,
46] and the Prometheus tool [120], and moreover, the model has been used in
the context of the EU project SPEEDS [19, 45]. Next, we take a look at related
work using other formalisms.
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Various authors have studied ideas that are similar to interaction systems
mostly under the aspect of enhancing and facilitating the specification of
object-oriented, component-based, or service-oriented systems. Typically, the
behavior of the components is specified in a way that distinguishes several
system states in which a component offers some of its ports for cooperation.
In the literature, various formalisms have been used for this task, e.g., process
algebras [5, 8, 39, 176, 206, 207, 212, 228], channel-based methods [12, 13, 24],
interface theories and various automata [31, 47, 81, 82, 94, 137, 237, 253], and
Petrinets [1, 11, 26, 79], to mention just a few. Typically, a labeled transition
system can be seen as a general model for this kind of behavior, i.e., all
formalism distinguish behavioral states and transition relations between these
states.

Furthermore, other formalisms can often be understood as interaction systems
if we abstract from data and input/output (I/O) operations, e.g., the glue
code for I/O transition systems [137] consists of binary interactions among the
I/0 labels of the systems and, of course, I/O transition systems are labeled
transition systems. In a similar way, interface automata [80, 82] and constraint
automata [24] can be translated where more complex glueing mechanisms
can be realized by special glue components in interaction systems. Arnold’s
synchronous product of transition systems [14] corresponds to interaction
systems if we interpret his synchronization vectors as interactions and ensure
the disjointness of all alphabets. For 1-safe Petri nets and interaction systems,
a bidirectional translation exists [182]. Approaches where the parallel operator
of a process algebra is used to derive the glue code [8, 39, 207] can also be
regarded as interaction systems by defining appropriate interactions among
the synchronizing processes. Similarly, the multiparty synchronization opera-
tion of action systems [17], that generalize process algebras (since often, only
binary synchronizations are allowed), corresponds to interactions. But, these
operations are not as flexible as interactions since the synchronization happens
over the same action. As a notable exception, we want to mention the work of
Groote et al. [131] on the process algebra mCRL2 where multiactions similar to
interactions are possible and where the parallel composition operator together
with a special allow operator can be used to model interaction systems if a
component’s behavior is regarded as a process and only those multiactions
that correspond to an interaction are allowed.

Interactions in the model of interaction systems are also similar to first-order
multiparty interactions [149] since the set of interactions, that allows to glue
components together, can be used in any context where the involved com-
ponents offer the necessary ports. Furthermore, multiparty rendezvous [59]
can be seen as interactions if we abstract statement blocks into atomic ac-
tions.
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We now discuss some of the above mentioned work in more detail, which
shows the similarities to interaction systems. As mentioned in Section 1.2.4 of
Chapter 1, the notion of an architecture description language that describes
software architectures is related to the idea of component-based development.
For instance, Aldini and Bernardo [6]—where similar ideas can be found in
work by Shaw and Garlan [242]—stipulate that an architecture description
language has to adhere to the following guidelines: (1) separating behavior
from topology, (2) specification reuse, (3) interaction elicitation, (4) commu-
nication classification, (5) graphical notation, (6) transparent use of the static
operators, and (7) the support for architectural styles and system families. In
our setting, we do not address all of these items but there are clearly similari-
ties to the model of interaction systems, e.g., we also separate the behavior of
the components from their cooperation, we allow for reuse, we distinguish
open and closed interactions (and thus, elicit interactions architecturally),
support the modeling of many communication scenarios with the flexibility
of our interaction model, and provide a graphical notation. We also address
the support for architectural styles by constraining the ways the components
are allowed to cooperate but postpone this restriction to Chapter 4. For an
overview of architecture description languages, we refer the reader to the
work by Medvidovi¢ and Taylor [192]. Thus, with this connection in mind we
also consider formal models for architecture description languages as related
work in the following.

PADL The architecture description language PADL by Bernardo et al. [39]
and Aldini and Bernardo [6] is based on a process algebra similar to CSP [141].
The separation of topology and behavior is achieved by further extending and
structuring the pure usage of the process algebra. In particular, the “double
use” of the parallel operator is avoided, i.e., its usage to specify the behavior of
processes, which can be understood as the components, and their composition,
which is the glue code of the model. The processes, that constitute the build-
ing blocks of a system, are described as so-called architectural types, that are
sub-divided into a set of architectural element types, an architectural topology,
and behavioral variations. Here, an architectural type fixes the name and
parameters of a system. The architectural element types describe the behavior
of the participating components and are thus specified as processes. The archi-
tectural topology specifies the cooperation among the available architectural
elements. Behavioral variations allow for global rules that further restrict
the cooperations. The reuse of architectural element types is supported by
distinguishing between the definition and an instantiation of the architectural
element types, i.e., the types are at first formally specified and later instanti-
ated in the topology description of the system. Unique names are provided in
the instantiation step which thus supports the reuse of the types.
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The actions of the components are called interactions—not to be confused
with interactions in our setting—and defined on the architectural element
level. They can be distinguished as input, output, and internal actions. On
the topology level, the actions can be connected by so-called architectural at-
tachments. These attachments are directed since input and output interactions
can be distinguished. In order to support a hierarchical modeling approach,
the interactions can be declared to be the interface of the composite system,
i.e., they are distinguished as architectural interactions and local interactions
where local interactions have to be part of at least one attachment. Here, inter-
actions with the same name cause no problems with respect to name clashing
because all interactions are referenced together with the unique element name
that was created in the instantiation step.

Java/A  Baumeister et al. [31] introduced Java/A as an architecture descrip-
tion language that is closer related to a real programming language, viz. Java
in this case. This relatedness should mitigate the discrepancy—also called ar-
chitectural erosion by Perry and Wolf [226]—between a formal model specified
in an architecture description language and its implementation that typically
arises if the implementation does not adhere to the rules of the architecture de-
scription language and the load-bearing walls—to use a comparison by Perry
and Wolf [226]—are removed. Since we are interested in the application of
formal methods, we consider in the following only the formal semantic model
on which Java/A is based upon. We use the terminology and extensions of
the work by Hennicker et al. [137].

The behavior of any entity in Java/A is modeled as an I/O transition system,
which is defined similar to interface automata [82]. The I/O operations are
distinguished as input, output, and internal operations and all non-internal
operations are understood as atomic actions that are used for cooperation.
Internal operations are unobservable and only visibly as a special transition of
the behavior.

A Java/A component offers ports as its interface for cooperating with its envi-
ronment. A port consists of a set of required operations and a set of provided
operations which are related by means of an I/O transition system. Further-
more, simple components and composite components are distinguished. A
simple component has, additional to its ports, a local behavior that is specified
as an I/O transition system. A composite component is an encapsulation
of further simple or composite components, binary connectors among these
components, and relay ports which allow for declaring unused ports of the
encapsulated components as the interface of the whole composite component.
If two ports are linked by a connector, then the required operations of one port
must match the provided operations of the other and vice versa.
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SOFA - SOFtware Appliances SOFA is a component model developed by
Pl4sil et al. [229] and extended by Bures et al. [58] to allow for new features
such as dynamic re-configuration. Here, we only focus on the formal part
of SOFA but we want to point out that also an implementational part exists
and all in the following described entities are available as Java code frag-
ments.

SOFA distinguishes between primitive and composite components where
a composite component consists of several sub-components which again
can be composite or primitive components. Every component is described
with a so-called frame and its architecture. A frame can be understood as
a black-box view of the component, i.e., it only defines the provided and
required interfaces of the component. The architecture is a gray-box view:
On this level, the frame is extended by defining the sub-components and the
connections among these under the restriction that only the frames of the
sub-components are accessible. The cooperation of the components is realized
as special connectors that link the interfaces.

The behavior of a component is specified as so-called behavior protocols [228].
A behavior protocol extends a SOFA component with a regular expression
like protocol, which represents traces of the component’s behavior that can be
observed on the interface of the component. For instance, a component that
models a read-only file server which processes open, read, and close requests
can ensure by the use of a behavior protocol that any read request of a client
component is preceded by an open request. Such a regular expression can, of
course, also be understood as a labeled transition system.

Darwin Magee et al. [176] developed Darwin as an architecture description
language for distributed software architectures. Each component has a set of
services which are distinguished as “required” and “provided” by the compo-
nent. The name of the service is context independent, i.e., it is not important
for the composition. The services are connected by so-called binds which
model the cooperation among the components. Hierarchical composition is
supported by encapsulation of the components where such an encapsulation
is also understood as a component which indicates which of its services are
offered to the outside world and which are linked internally. The authors give
a model in the 7r-calculus [202, 203] where services are described as agents.
These agents do not specify the behavior, instead they relay requests to the
underlying component whose behavior is specified as a further agent or as
a finite state process [175, 177]. This separates the services from the local
behavior of the components.

Wright Allen and Garlan [8] proposed Wright for the description of a sys-
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tem’s architecture in three parts. First, they describe the available component-
and connector-types where a component-type is defined as a set of ports with a
so-called protocol together with the specification of the whole component-type
behavior. The ports are the interface of a component-type for its cooperation
with the environment and the protocol specifies the behavior of the component-
type at the port. A connector-type links cooperation partners by means of a
glue code where the particular links to the ports are described in the third
part. At this part, the connector-type facilitates the specification of so-called
roles which fix the behavior of the participating cooperation partners, i.e., the
expected behavior is specified. Now, the glue code specifies how these roles
should cooperate. Here, any behavior is modeled as a CSP process [141], i.e.,
the behavioral specification of the component-types, the protocols of the ports,
the roles of the connector-types, and the glue code.

The second part describes the instances of the previously specified types. This
instantiation supports the reuse of components and connectors where every
instance gets a unique name. Finally, the third part specifies which ports of
instantiated components are attached to which roles of instantiated connectors.
This attachment ensures the independence from the used CSP actions since
they are prefixed with the unique names of the instances. Furthermore, a
whole architectural description can be encapsulated as a component where
architectural and internal ports can be distinguished.

From the descriptions of the related models, we see that if we abstract from
data and I/O operations we often can translate the specification of a given
system into an interaction system. For the behavior of the components this is
possible since the semantics of process algebraic expressions is usually inter-
preted as a labeled transition system, e.g., the transitional semantics of CCS
[200, Section 2.5]. Several of the above discussed models allow for hierarchi-
cal modeling which we have not addressed yet for interaction systems—but
discuss in Chapter 3.

In the next section, we show how the overall observable behavior of an inter-
action system can be derived.

2.2 Deriving the Behavior of Interaction Systems

From the local parts of an interaction system, viz. the behavior of the compo-
nents, and its interactions we can now derive its overall behavior as a labeled
transition system over the interactions. Here, the important distinction be-
tween open and closed interactions becomes clear, since we require that closed
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interactions are unobservable. In the literature, several names for unobserv-
able labels can be found, e.g., hidden, silent, invisible, or internal. Milner [195]
was the first to introduce the Greek letter T as a result of synchronization in
the composition of processes in his research preceding his famous process
algebra CCS [197]. Various authors followed this direction since behavior
becoming unobservable is an useful way for abstraction, e.g., Bergstra and
Klop [37] added silent steps to their process algebra ACP and introduced an
abstraction operator that turns visible steps into silent ones. Related ideas can
be found in Hoare’s CSP [141, Section 3.5]. Such silent steps were also studied
for nondeterministic finite automata where special e-transitions correspond
to a state change of an automaton without reading an input character, i.e.,
without an observable state change. As said in Section 1.4 of Chapter 1, we use
the following abbreviation to deal with the possibility of unobservable labels:
By a superscripted T we stress the requirement that 7 is an element of an
alphabet, i.e., X7 := X U {7} for any alphabet X. Similarly, by a superscripted
slashed T (“7”) we denote that T is not part of a set, i.e, L7 := X\ {t} for any
alphabet X.

Here, we proceed with formally defining the global behavior of an interac-
tion system. As already mentioned in Chapter 1, this behavior is derived by
executing the interactions nondeterministically according to their executabil-

ity.

Definition 2.6 (Global Behavior): The global behavior of an interaction system
Sys is a labeled transition system [[Sys] := (S, Intgpen, { = tac I8 e S%) where
the set of global states S = [ I;ccomp Si is given by the Cartesian product of the
components’ sets of states, which we consider to be order independent. Global
states are denoted by tuples s = (s1,...,s,) with n = |Compl|, i.e., s; denotes
for i € Comp component i’s state in a global state. The set of global initial states
is SO = I Ticcomp SY. The family of global transition relations {—5} ey is

defined canonically where for all « € Int and all s,t € S we have o

e s = tif and only if & € Intypen and for all i € Comp either i(a) = {a;}
forana; € Ajands; =, t;ori(a) = @ and s; = t; and

e s — tif and only if & € Inf.seq and for all i € Comp either i(a) = {a;}
forana; € Ajands; =5, tiori(a) = @ands; = t;.

Typically, we are not interested in the whole labeled transition system that
models the global behavior. We are only interested in the set of global states
that can be reached from a global initial state (cf. Definition A.4 in Appendix A
where we give a formal definition of reachable states in a labeled transition
system), which constitutes the reachable part of the global behavior—for
convenience, simply called the reachable global behavior in the following.
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From an algorithmic perspective, we thus want to avoid the construction of the
Cartesian product of the components’ state spaces to obtain [[Sys] as specified
in Definition 2.6. Instead, we use the following straightforward idea: We
only compute the Cartesian product of the components’ initial state spaces to
obtain the set of global initial states, which are marked as unprocessed. Now,
as long as there is an unprocessed global state, we check which interactions are
enabled in this global state. The local execution of the corresponding actions
of these enabled interactions in the components’ labeled transition systems
then yields the set of successor states which we add as global states. If such a
successors has not been seen before, we also mark it as unprocessed. This idea
is known as forward traversal and corresponds to a depth-first or breadth-first
search depending on the order in which we process the global states. Here,
we do not give an algorithm for this idea but refer to Algorithm B.2 given in
Appendix B. In the following, we refer to such an algorithm that computes
the reachable part of the global behavior as BEHAVIOR-TRAVERSAL(Sys) (for
a given interaction system Sys).

Figure 2.5 depicts the labeled transition system that is computed by calling this
algorithm for our running example, i.e., BEHAVIOR-TRAVERSAL(Sysyms)-

{delivery,, ships } O) T
{ask., ordery, }
. @/—\ : {reserve,,, mark, } o {buyc, paym }
{abort,, cancel,, } {abort., cancel,,}
(=)
{release,,, unmark, } & {refund,, reimburse,, }

Figure 2.5: Reachable global behavior of the running example Sysyivs. Note
that the states represent global states, e.g., a circled 1 corresponds to state st

Apparently, the global states convey more information than visible in Fig-
ure 2.5, i.e., we have:

50 = (2,5, 5) s? = (5,5, 55) s* = (s, 5msS5)
s' = (s¢,5m,55) s> = (2,5 S5) 57 = (2,5, 55)

However, as we discuss in the next section, this additional information is not
needed for the properties of interaction systems that we want to study.
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For an arbitrary interaction system Sys, the labeled transition system yielded
by BEHAVIOR-TRAVERSAL(Sys) is typically different from [Sys]| as given by
Definition 2.6 because the former contains only the global states that are
reachable from an global initial state. For instance, the number of reachable
global states, as depicted in Figure 2.5, is six, whereas the number of possible
global states of the labeled transition system [Sysmms] is 28 (|Sc| - [Sm| - |Ss| =
2-7-2). However in general, every possible combination of the components
local states could be reachable. Thus, if we estimate the size of the global state
space S, we get:

S| = | H Sil = H 1Si| < H |Smax| = |5max‘\C0mp\

icComp ic€Comp icComp

7

where |Smax| denotes the size of the largest local state space, i.e., |Smax| =
max{|S;| | i € Comp}. Here, the reachable global behavior can be exponential
in the number of components, and its computation is thus only feasible for
small parameters such as our running example Sysymvs.

Note that this phenomenon is, as already mentioned in Chapter 1, well-known
as the state space explosion problem [23, 72, 256] since the number of global
states is exponential in the number of components. This explosion typically
arises in settings where combinatorial many behavioral possibilities exist. We
demonstrate this effect for interaction systems by means of an example.

Example 2.7: We model a binary counter as an interaction system in order
to demonstrate the effect of state space explosion. Consider the interaction
system Syspin (1) where for n € IN, the system consists of n components each
modeling a binary variable called “bit” in the following. Each bit is initially
set to zero, can be increased to one, and can then be decreased to zero. From
this behavioral description, we derive for each component a labeled transition
system [[i]] with 1 < i < n that is depicted in Figure 2.6.

inc;
@ 0
dec;

Figure 2.6: Behavior [[i]] of component i representing the ith bitfor1 <i <n

We glue the components together such that the interactions model the steps of
a binary counter. Figure 2.7 on the facing page depicts the resulting interaction
model. For the first bit, a singleton interaction exists, viz. {inc; }, because in
a binary counter, the first bit can always be increased (if it is zero) to get to
the next value of the counter. Observe that any other bit increment depends
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on the possibility of being able to decrease all lower bits, e.g., consider the
interaction {incs, decy, deci } where bit 3 can only be increased if bit 2 and bit 1
are decreased. Finally, if the counter reaches its maximum value, i.e., all bits
are set to one, we model the next value, as usual, as an overflow, i.e., the next
value is again the lowest one.

incy incy incs
1 2 3

decl d€C2 d€C3

Figure 2.7: Interaction model of the binary counter

Summarizing, we build the following interaction system (where n € IN):

Sysbin(n) = (((COWLP, {Ai}iGComp)/Intl Intclosed)l{[[i]]}iGCOWlP)

with Comp = {1,...,n}, A; = {inc;, dec;} for i € Comp, Int.psed = @, and

Int=|J {{inc;deci_1,...,dec;}} U {{inci}} U {{decy, ..., deci}}.

2<i<n

In order to illustrate the effect of state space explosion, we now consider the
global behavior of Sysp, (). Since a binary counter with # bits can represent
2" different numbers, viz. 0 to 2" — 1, the global state space S of [Syspin(1)]]
consists of 2" reachable global states. Figure 2.8 depicts (a part of) the global
behavior of the binary counter system.

® {incy, decy } ® {inc1} ©) {incs, decy, decy } :
{inc1} {incy }
m=2"-1
5 (N .. —® 0

{decy, ..., dec} o {incy, decy }

Figure 2.8: Global behavior of the binary counter. Observe that the decimal
number of each global state corresponds to a bit string where each bit repre-
sents the state of the corresponding bit component, e.g., for n = 3 we have
s¢ = (s},53,59) and 619 = 110,.
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If we now want to compare the size of the global behavior with the size of
the input, we first have to compute the size of Sysp;, (). For each i € Comp
we have |A;| =2,15;| = 2,and ¥, 4 || = 2, i.e., each component requires
constant space. We have [Comp| = n and |Int| = ¥ycple| = (Lock<n k) +

14+n = @ Thus, the size of Syspin(n) is bounded by O(n?) whereas
[[Syspin (M) ]| = |S| + Lacme| | = 2" + 2" is exponentially large in 7, i.e.,
bounded by O(2").

The binary counter example shows that even simple interaction systems suffer
from state space explosion because the reachable global state space may corre-
spond to the whole (combinatorial) global state space. Since we are interested
in properties of interaction system that address the global behavior, we have
to use more sophisticated ways if we want to guarantee polynomial bounds
for property verification.

But before that, we have to formally define what properties we have in mind,
i.e., we next consider properties of interaction systems more precisely.

2.3 Properties of Interaction Systems

We distinguish three kinds of properties for interaction systems. The first
kind, generic properties, refers to interaction systems as a whole, i.e., there is
no dependence on any particular element of the system (such as a particular
component or interaction): The whole system either satisfies the property or
not. We consider the properties of deadlock- and livelock-freedom as examples
for generic properties.

The second kind, parametrized properties, allows for addressing parts of an inter-
action system for which the property should hold. For instance, we consider
the property of progress of a component, i.e., whether the component in ques-
tion executes transitions locally in any possible execution of the whole system.
Characterizing for this kind of properties is that they do not refer to specific
elements of an interaction system such as, e.g., the presence of the customer
component of our running example Sysynvs. Such properties are only allowed
to refer to parameters; hence their name parametrized properties.

The third and last kind, specific properties, addresses this issue. These properties
are tailored for a specific interaction system and are allowed to refer to its
elements. An example for this kind of properties is the question in our running
example Sysyvs, Whether an interaction modeling a deliver/ship operation is
always preceded by a reserve/mark operation.
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As we can see from the paragraphs above, the specification of properties in
plain text such as the English language is often cumbersome, error-prone,
and imprecise, e.g., what is meant by “always preceded”? Therefore, this
specification problem has been addressed by many authors and several ways
for a formal specification can be found in the literature on program verification
such as, e.g., logic, automata, and transition systems. Here, we use a temporal
logic called Computation Tree Logic that was introduced by Emerson and
Halpern [95] after work by Pnueli [230], Lamport [165], Ben-Ari et al. [33], and
Clarke and Emerson [66] that put the original work on temporal logic by Prior
[233,234] in a program verification context. Vardi [258] gives an exhaustive
overview on the development of temporal logic for program verification.
The use of temporal logic is also interesting for automatic verification since
so-called model checking algorithms, which were independently discovered
by Clarke and Emerson [66] and Queille and Sifakis [235], are known that
algorithmically check whether a given logical formula holds in a certain model
of the system under analysis.

Before we formally introduce properties for interaction systems, we want to
mention the seminal work of distinguishing system properties as safety and
liveness properties originally by Lamport [164] and extended by Alpern and
Schneider [9], and also the theorem of the latter authors that every property
can be understood as an intersection of a safety and a liveness property [9].
Roughly speaking, a safety property stipulates that something bad never hap-
pens, and a liveness property that something good should eventually happen.
This distinction has also been adopted for temporal logic [245], and Biichi
automata [56] have been used to recognize safety and liveness properties [10].
Pnueli et al. [231] present a compositional proof system addressing safety and
liveness properties of synchronous specifications. Often, one can benefit from
this distinction and use different approaches for safety and liveness proper-
ties, e.g., proof lattices for liveness properties [216], the different strategies for
safety and liveness property verification using compositional reachability anal-
ysis [62, 63], or the techniques in the model checker SPIN [142]. Biere et al. [41]
consider how liveness checking can be understood as safety checking.

However, as pointed out by Naumovich and Clarke [210], this distinction is a
tough task that can require deep mathematical insight. Similar observations
lead to work on extensions [133] and on new characterizations [87, 210] of the
original one by Alpern and Schneider [9]. Here, we do not go further into the
details of distinguishing properties but we refer to this characterization when
we deal with properties of interaction systems in the following. We want to
mention the following alternative (rough but intuitive) characterization: Safety
properties are satisfied in infinite time and violated in finite time whereas for
liveness properties it is the other way round [23, Sections 3.3 and 3.4].
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Next, we introduce the properties freedom from deadlock and freedom from livelock
of interaction systems. Afterwards, we take a closer look at Computation Tree
Logic and some of its weaker variants, formally define the logic in our setting,
and show how properties of interaction systems can be expressed and verified.
Here, livelock- and deadlock-freedom are of special interest for some of the
logic’s variants, and hence they are introduced beforehand.

2.3.1 Freedom from Deadlock

Deadlocks are well-known throughout all areas of computer science. For in-
stance in the area of operating systems, the two classic introductory books, the
one by Tanenbaum [250, Chapter 6] and by Silberschatz et al. [244, Chapter 7],
both contain own chapters about deadlocks. Recall the classic example for
a deadlock: Processes are waiting for each other because each process holds
a resource that another one needs to continue and no process releases its
resource.

Here, we consider a similar situation but in the context of interaction systems.
Of course, the components can be understood as the processes. However, the
components do not hold resources that others need, instead they potentially
do not provide needed “resources”, viz. actions that are needed to execute
interactions, which other components potentially are waiting for. For instance,
if a component i wants to execute an action 4; in its current state that is
contained in an interaction & = {a;, b;} where b; is an action of a component j
(distinct from 7), but component j is unable to execute b]- in its current state,
then j does not provide the “resource” that is needed by i, i.e., interaction « is
not enabled in the corresponding global state (cf. Definition A.1). Thus, if each
component has to wait for other components because all actions that it wants
to execute are contained in interactions that are not enabled (with respect to
a global state), we have a deadlock. Next, we formally define this situation
where, as formally introduced in Definition A.2 in Appendix A, Suc(s) denotes
the set of successors of a state s.

Definition 2.8 (Deadlock): A deadlock in an interaction system Sys is a global
state s € S of the global behavior [Sys]| such that no interaction is enabled in s,
i.e., Suc(s) = @. If no such state is reachable in [[Sys]|, we call Sys deadlock-free.

The property of deadlock-freedom is an important system property in itself,
since deadlocks clearly correspond to faulty design decisions. Moreover, if
a previously undetected deadlock occurs in a later software product, the
consequences can range from annoyance of users, over financial losses, to
catastrophes and disasters.
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Note that deadlock-freedom itself is a safety property [216] because it stip-
ulates that a state without a successor must not occur, i.e., something bad
never happens, which clearly can be violated in finite time. Furthermore, the
verification of safety properties can be reduced to deadlock detection [119]
which emphasizes the importance of this property.

Now, we turn to the question of how we can detect a reachable deadlock in
an interaction system in an automatic (but naive) way. We use the following
idea: While we compute the reachable global behavior of a given interaction
system Sys with a call to BEHAVIOR-TRAVERSAL(Sys) (cf. Algorithm B.2), we
can mark the currently considered global state as a deadlock (or output a
deadlock warning) if we find no successors. However, the runtime of such
an algorithm can be exponential in the number of components because, as
we discussed in Section 2.2, the reachable global state space may contain an
exponential number of global states. Remember that we already constructed
the global behavior of our running example Sysyvs (cf. Figure 2.5), i.e., we
already know that Sysyvs is deadlock-free since all reachable global states
have at least one successor.

An interesting question that arises now is whether we can do (asymptotically)
any better than this naive approach. This research direction typically leads to
the question of the computational complexity of a (decision) problem which
has been addressed for interaction systems as well. We want to mention the
books of Garey and Johnson [108] and Papadimitriou [220] as excellent refer-
ences for computational complexity, and we use their definitions of complexity
classes here. As discussed above, we can assume that the problem of deciding
whether an interaction system is deadlock-free (called deadlock detection for
short in the following paragraphs) is contained in the class EXPTIME.

The first result regarding interaction system and deadlock-freedom was given
by Minnameier [204] where the author presents a polynomial-time reduction
of the well-known 3-satisfiability problem, which is NP-complete [74], to
deadlock detection. This establishes the NP-hardness of deadlock detection
but also opens the possibility that we can find an algorithm which only needs
nondeterministic polynomial time. However, this complexity gap was later
closed by Majster-Cederbaum and Minnameier [182] which show that dead-
lock detection is PSPACE-hard by a polynomial-time reduction of the decision
problem of deadlock-freedom in 1-safe Petri nets to deadlock detection. Since
the former problem was shown to be PSPACE-hard by Cheng et al. [60], the
PSPACE-hardness of deadlock detection follows. Later, Majster-Cederbaum
and Minnameier [183] addressed the question whether deadlock detection
is also contained in the complexity class PSPACE, and since they answer
this question affirmative (via a sequence of a polynomial-time reductions to a
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problem that is shown to be in PSPACE), we can finally state that deadlock
detection is PSPACE-complete. A more detailed discussion can be found in
the dissertation of Minnameier [205].

For our naive deadlock detection approach, the PSPACE-completeness result
shows that its strategy is not space-optimal, since it uses the whole represen-
tation of the reachable part of the corresponding labeled transition system
for investigation. Clearly, this representation possibly uses more than poly-
nomial space. However, as pointed out by Valmari [256, Section 5.4] in the
context of Petri nets, the result that a problem can be solved theoretically in
polynomial space often sacrifices a significant amount of time for this space
bound, and in practice, the exponential-time algorithms are much faster. The
reason for this much worse time bound lies in the usual way to show that
the problem is contained in PSPACE: To give an algorithm that decides the
problem in polynomial space, authors typically give a nondeterministic al-
gorithm that occupies only a polynomial amount of space, which proves the
problem is in NPSPACE, and apply the famous result of Savitch [240] that
PSPACE = NPSPACE. This way is also used by Majster-Cederbaum and
Minnameier [183] to show that a certain problem, to which deadlock detec-
tion is reducible, can be decided in polynomial space. However, Savitch’s
translation does not yield an algorithm that is useful in practice.

We do not want to continue here with a space-optimal algorithm for deadlock-
freedom in interaction systems, since its runtime would still not be polynomial
in the size of the input—which is just the representation of the interaction
system—unless the complexity classes mentioned above collapse. However, in
order to demonstrate the above mentioned issues, we give a polynomial-space
algorithm for deadlock-freedom in Section C.1 of Appendix C and refer the
interested reader to this section. Next, we take a look at a similar problem,
viz. freedom from livelocks, that was—to the best of our knowledge—not
considered in the context of interaction systems before.

2.3.2 Freedom from Livelock

Livelocks are conceptually related to deadlocks but typically describe a dif-
ferent situation: A livelocked system is not stuck at a specific point (or global
state in interaction systems); however, there is some internal activity that
keeps the system going but an outside observer cannot perceive a change
in behavior. According to Kwong [159], the term “livelock” was coined by
Ashcroft [15] in work about an airline reservation system where a booking
is never finished although the system is proven to be deadlock-free. In the
literature, there are many definitions of a livelock, even inconsistent ones [138].
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For instance, Tanenbaum [250, Section 6.7.3] gives an example where two
processes use busy-waiting to acquire two resources, and although no one suc-
ceeds in getting both resources (the first process always precedes the second
one in requesting one of the resources and vice versa), the processes do not
block each other since their restart their polling requests over and over again.
Hoare [141, Section 4.4.3] considers livelocks as situations where processes
communicate with each other but never with the external world. Here, we
define a livelock and the notion of livelock-freedom as follows.

Definition 2.9 (Livelock): A livelock in an interaction system Sys is a global
state s € S such that no open interaction is enabled in s and in any global state
t € S that is reachable from s by the execution of closed interactions and such
that s itself is reachable (again) by the execution of closed interactions, i.e.,
s =T sand Vt € S:s ="t = Suc(t, Intopen) = . If no such state is
reachable in [Sys]|, we call Sys livelock-free.

Contrary to deadlocks, livelock-freedom is a liveness property [216] because
in a livelock-free system it is always possible that something good happens
eventually which here is the occurrence of an open interaction, i.e., the prop-
erty can be satisfied in finite time. We want to point out that in an interaction
system’s reachable global state which has a 7-self-loop and an outgoing non-
T-transition, a path or global execution fragment is observable that merely
consists of T-transitions. However, it is always possible to leave this path and
continue with an open interaction, i.e., the system is not prevented from per-
forming particular actions [171], which here are the open interactions. Manna
and Pnueli [189, pages 325-326] describe this property as follows: The system
does not stay constrained forever within a given range of locations. Thus, in
Definition 2.9 we took a similar view, i.e., the (always given) possibility of the
occurrence of an open interaction renders a system livelock-free.

For our running example Sysynvs, we again take a look at the reachable global
behavior depicted in Figure 2.5 (cf. page 31). Since state number 3 is the only
one with an outgoing t-transition but its successor, state number 4, has an
outgoing non-t-transition, the livelock-freedom follows. However, for more
complex systems an automatic investigation procedure is needed. We can
use the following idea: We compute the reachable global behavior, remove all
states in which a non-7-transition is enabled, and check for a (directed) cycle
among the remaining states. Here, we do not give a detailed algorithm but
included one in Appendix B as Algorithm B.3. Clearly, the runtime of this
algorithm is not polynomial because we compute the global behavior.

As for the question of deadlock-freedom in Section 2.3.1, we are interested
in the optimality of algorithms for livelock-freedom, i.e., whether we can do
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better than computing the global behavior beforehand. This again leads us
to the computational complexity of the associated decision problem. Next,
we show that we can reduce the question of deadlock-freedom in interaction
systems to livelock-freedom, which implies the PSPACE-hardness of the
problem.

Lemma 2.10 (Deadlock-Livelock Mapping): Let Sys be an interaction sys-
tem. Sys is deadlock-free if and only if Sys’ is livelock-free where Sys’ is
constructed in constant time as follows. Let x be a fresh component (not con-
tained in Sys) with a single action live, and a local behavior that consists of one
initial state with a self-loop labeled by the action. We set Comp’ = Comp U {x},
and we keep all action sets and local behaviors of the components for Sys'.
We also keep the set of interactions and add x’s action as a singleton, i.e.,
Int' = Int U {{lives} }, but set Int\; g = {{livey} }—only the new interaction
is closed in Sys'.

A formal proof of Lemma 2.10 can be found in Appendix F on page 237.

Lemma 2.10 shows that if we were able to answer the question of livelock-
freedom efficiently, we can use this technique to decide the question of
deadlock-freedom for a given interaction system in an efficient way. Since we
learned in the previous section that the latter question already is PSPACE-
hard (as proven by Majster-Cederbaum and Minnameier [183]), this result
carries over to livelock-freedom, i.e., the reduction implied by Lemma 2.10
establishes the PSPACE-hardness of livelock detection.

Moreover, we know from Algorithm B.3, which we shortly discussed above,
that the problem of livelock-freedom is contained in the class EXPTIME. So
the next natural question is—as we discussed for the property of deadlock-
freedom in Section 2.3.1—whether we can also check for livelocks in polyno-
mial space, which would establish the PSPACE-completeness of the problem.
We answer this question affirmative but refer the interested reader to Sec-
tion C.2 of Appendix C for the details and the corresponding algorithm.

Now, after discussing a safety and a liveness property, we turn to a better way
of specifying properties by means of logical formulae.

2.3.3 Using Logical Formulae for Property Specification

As mentioned in the introduction to Section 2.3, we want to use Computation
Tree Logic (CTL) to specify properties of interaction systems. For conve-
nience, we skip here a formal definition of the logic and refer the reader to
Appendix D where we define the syntax (cf. Definition D.1) and semantics (cf.
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Definition D.4) of CTL*. Note that the superscripted star denotes the extended
version of Computation Tree Logic as defined in Appendix D. For a more
detailed introduction to CTL*, we refer the reader to the books of Baier and
Katoen [23, Chapter 6] and Clarke et al. [72, Chapter 3].

One important aspect of CTL* is its interpretation in a model called Kripke
structure, which is similar to a labeled transition system but instead of label-
ing the transitions, states are equipped with labels. We refer the reader to
Definition D.3 where we formally define Kripke structures.

Since we want to use the logic CTL* in our setting, we now need a way to
interpret CTL* formulae in labeled transition systems. De Nicola and Vaan-
drager [84] show such a way that allows for this interpretation: A translation
between Kripke structures and labeled transition systems. Here, we use their
linear version [85] and “condense” the translation which originally introduced
an intermediate step to allow a translation in both directions. Historically, the
translation was first proposed by Emerson and Lei [96], modified to deal with
unobservable actions by De Nicola and Vaandrager [84], and later refined by
the latter authors to be linear in the number of states and transitions [85]—to
be precise, the translation originally only allows for the interpretation of a
fragment of CTL* but results by Browne et al. [53] (that equivalent® Kripke
structures satisfy the same CTL* formulae) and by Reniers and Willemse [238]
(that this equivalence is preserved by the translation) show that the translation
is also useful for the interpretation of all CTL* formulae.

Next, we define the one-way translation as discussed above (cf. Definition A.1
for labeled transition systems and Definition D.3 for Kripke structures).

Definition 2.11 (Labeled Transition System to Kripke Struct. Translation):
A given labeled transition system LTS = (S, X, { % },ex, SY) is translated via
the function £(+) into a Kripke structure £(LTS) := (S, —, S, X7, L) with:
S'=SU{(s,a,t) €ESXxETxS|s-t ANa#Tt},
—={(s,) ESXS|TEL Ns Tt}
U{(s,(s,a,t)) € SXx(SXxLx8)|s—tAa#Tt}
U{((s,a,t),t) € (SXxEXxS)xS|s—t A a#1},
L(s) ={t} foralls € S, and
L((s,a,t)) ={a} foralls,t € Sand alla € Ewiths - tand a # 7.

We refer the reader to the above mentioned work [84, 85, 96, 238] for a more
detailed discussion of the translation. We want to point out that also an
action based version of CTL* exist—discussed in the work of De Nicola and

2This equivalence is known as bisimilarity which we introduce in Section 2.4.
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Vaandrager [83]—but here stick to the state-based interpretation as it is more
common, used in references that we cite in the following, and can efficiently
be applied to interaction systems with the translation of Definition 2.11 as
we address now by an extension of the satisfaction relation for CTL* (cf.
Definition D.4).

Definition 2.12 (LTS Satisfaction Relation for CTL*): For a labeled transi-
tion system LTS and a CTL* state formula ®, we write LTS ]i @ if and
only if Vs® € S%: &(LTS),s" = @, and we write LTS |i ® if and only if
3% € S%: R(LTS),s? = ®. In the case of only (exactly) one initial state, i.e.,
|S%| = 1, the two relations coincide and we simply write LTS = ®.

As an example for the translation, we consider our running example Sysymvs.
Figure 2.9 depicts the transformation applied to Sysyvs’s reachable global
behavior (cf. Figure 2.5 on page 31).

{delivery,, ship } ;\
— &

{ask., order,, }
O\ v {reservey, marks} t  {buy.,paym}
W —06—0—0
T j
{abort., cancel, } {abort,, cancel,,}

-

— G)
{release,,, unmarks } ~ {refund,, reimburse,, }

Figure 2.9: The labeled transition system to Kripke structure transformation
applied to our running example Sysyvs. Note that the original states kept their
naming and the new (intermediate) states are numbered with their source,
label, and destination information. Every state has exactly one label (actually
this should be a singleton at every state, but we omitted the set braces).

Now, we take a look at how to encode freedom from deadlock and freedom
from livelock as CTL* formulae. We define:

Yar = AGEXT and Wi := AG(EX T = EF(Vacpmpe ).

Note that we omit the small space (cf. Definition D.1) between the quantifiers
and the temporal operators for better readability in the sequel.?> The formula

3This omission becomes particularly relevant for an important fragment of CTL*, called
CTL, that we discuss in the next paragraph.
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Y4 states that all reachable states on all maximal paths have a direct suc-
cessors. Similarly, formula Yy states that all reachable states on all maximal
paths that have a direct successor also have a (not necessarily direct) successor
that is labeled with an open interaction. Observe that these formulae corre-
spond to deadlock- and livelock-freedom as given by Definitions 2.8 and 2.9
respectively. We already showed that this is the case for our running example,
we can thus conclude that [Sysmms] = Yarr and [Sysymvs]] = Fur holds (cf.
Definition 2.12).

In the next paragraph, we deal with the question of how to algorithmically
check whether a formula holds in a system—this procedure is known as model
checking. We also introduce important fragments of the logic from the literature
that are interesting in our setting.

Important Fragments of CTL* and Model Checking

The fragment CTL*-X of CTL* is defined by omitting the (next) temporal
operator “X” in Definition D.1. This fragment is important for abstraction
because the “X”-operator is incompatible with abstraction from internal activ-
ity [116, Section 1]. Lamport [166, Section 2.3] discussed this issue in detail;
the following quote pinpoints his critique: “When one talks about the next
state, one really means the next state in which a significant change occurs—
where significant means visible at the level of detail of the specification.” We
illustrate this issue by a small example.

Example 2.13: We consider the two labeled transition systems depicted in
Figure 2.10 (a) and Figure 2.10 (b) that represent the global behaviors of two
interaction systems Sys(!) and Sys(?) with closed interactions where a denotes
the single open interaction in each case. We do not specify these interaction
systems here, since the point we want to illustrate only affects the global
behaviors and properties specified in CTL*.

@——@ e ~Q——O——@ -

(a) Global behavior [[Sys(!)] (b) Global behavior [[Sys(?)]]
T T 44 T /T\ T 44
-~@—0 =0 ~@Q—0O—@ 0
(0) Kripke structure &([[SysV)]) (d) Kripke structure £([Sys®?])

Figure 2.10: Global behaviors and corresponding Kripke structures

Now, we consider the CTL* formula ¥ = EX X « stating that a maximal path
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exists where « holds for the second element (cf. Definition D.4). We find
out that Sys(!) |= ¥ and Sys? [~ ¥ holds—the corresponding Kripke struc-
tures (cf. Definition 2.11) are depicted in Figure 2.10 (c) and Figure 2.10 (d)
respectively. Clearly, both systems satisfy the CTL* formula EF « stating that
a maximal path exists where a holds eventually. However from a property
specification point of view, the exact point or the number of steps when/be-
fore a holds should be irrelevant since we cannot foresee how the system
is constructed such that it satisfies relevant or meaningful properties, e.g.,
both systems Sys(!) and Sys(? satisfy the same set of CTL*-X properties, i.e.,
properties specified in Extended Computational Tree Logic without the next
temporal operator. This relevance is also the main critique of the next temporal
operator by Lamport [166].

A further advantage identified by Lamport [166, Section 4.2] of omitting a
next temporal operator (interpreted as the next point in time) is that it does
not matter for property specification by means of temporal logic whether time
is considered as discrete or continuous in the underlying models. However,
since we only consider discrete event systems in this thesis—note that steps
of a labeled transition system, e.g., states on execution paths, are discrete
events—we do not further discuss this issue here. But, we also omit the next
temporal operator of CTL* for the reasons mentioned in Example 2.13.

Another important fragment of CTL* is simply called CTL (without the su-
perscripted star) and can be defined such that every temporal operator is
quantified by exactly one path quantifier, e.g., AF @ is a valid CTL formula
whereas AFG ® is not—for an arbitrary CTL formula ®. Similarly, the frag-
ment CTL-X of CTL*-X can be defined. Observe that we said “can be defined”
since this fragment was invented by Clarke and Emerson [66] previously to
CTL*, which was introduced by Emerson and Halpern [95]. The fragment CTL
is of special interest because the question wether a given Kripke structure KS
and a state s € S of this structure satisfy a given CTL formula &, i.e., whether
KS,s )7: ® holds (cf. Definition D.4), is decidable with an algorithm by Clarke
et al. [68] in linear time in the product of the sizes of the parameters, i.e., in
O(|KS| - |®|) where |KS]| is the sum of the number of states and transitions
of the Kripke structure KS (cf. Definition D.3) and |®| is the number of op-
erators in the formula @ (cf. Definition D.1). Note that if we are interested
in the asymptotic length O(|®|) of a CTL* formula ®, the occurrence of the
additional CTL* operators of Definition D.2 does not play a role because they
add only constant length, i.e., we can count them as one instead of considering
their expansion [23, Remark 5.5, page 235].

The above discussed satisfiability question and the way to answer it algo-
rithmically was independently invented by Clarke and Emerson [66] and
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Queille and Sifakis [235] and has become famous as model checking, which now
generally refers to the automatic verification technique that checks whether a
certain model, which is the specification of a system, satisfies a certain logical
formula, which is a property of the system. A model checking algorithm for
CTL* was derived by Emerson and Lei [97] with running time O(|KS| - 2/®I)
and, together with a complexity result by Sistla and Clarke [246] that shows
(as a consequence of a weaker logic) that CTL* model checking is PSPACE-
complete, no efficient algorithm (as in the case for CTL) can be expected.
However from a practical perspective and in our setting, the formulae are not
the problem for the efficiency of model checking algorithms: The problem is
the size of the Kripke structure.

This problem is directly connected to the state space explosion problem that
also occurs in interaction system as we illustrated in Example 2.7. Thus in the
following, we pay attention to the direct application of model checking, i.e., if
we want to verify a CTL*-X property for an interaction system, we search for
ways that avoid constructing the global behavior.

When we introduced logical formulae for deadlock- and livelock-freedom
above (cf. page 42), we used the next temporal operator for both formulae. As
we stated in this section, we want to avoid its usage and thus have to take a
look at an alternative characterization.

Freedom from Deadlock and Livelock as CTL*-X Formulae

Consider the following CTL-X formula:

‘Ylock = AG EF(Vaelntopen IX).

The formula stipulates that in all reachable states there is a maximal path
starting in this state where eventually an open interaction occurs—more pre-
cisely where a state can be reached that is labeled with an open interaction.
What does this formula mean? Clearly, a system whose global initial state
is a deadlock does not satisfy ¥j,.x. However, we know that starting from a
livelock only T-transitions are observable and thus no open interaction occurs,
i.e., a system whose global initial state is a livelock also does not satisfy ¥jock.
Thus, the formula cannot distinguish deadlocks and livelocks in interaction
systems.

Interestingly as pointed out by Van Glabbeek et al. [117], there is no CTL*-X
formula that is able to provide this distinction. A similar observation was
made by Kaivola and Valmari [151, Definition 3.3] for another temporal logic
that in the absence of a next temporal operator one needs to define a new
operator for the task of distinguishing a finite sequence from an infinite one,
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which boils down to distinguishing deadlocks and livelocks. Note that the
fact that deadlock-freedom cannot be distinguished from livelock-freedom
in CTL*-X is not caused by the fact that 7 is not an atomic proposition. The
problem is caused by the absence of the next operator “X”.

Here, we avoid this drawback by stressing the importance of deadlock-
freedom in interaction systems. This means that we always establish the
deadlock-freedom of an interaction system before we apply model checking
of CTL*-X formulae. This avoids the drawback and moreover, we can then
use the formula Y,k to express livelock-freedom in CTL*-X for deadlock-free
interaction systems since we have (cf. Definition D.5):

Yar A Yur = AGEXT A AG(EXT = EF(Vacntopen w))
= AGEXT A AGEF(Vaemtype, @)
= Yarr N Pock-

Next, we continue with parametrized properties of interaction systems.

2.3.4 Various Known Parametrized Properties

In this section, we consider properties of interaction systems that refer to
certain parts of a system such as components or interactions. However, these
properties have in common that they do not refer to a specific component
such as the presence of the management component of our running example
Sysmms. Instead, they offer a parameter that can be set for any valid interaction
system.

Majster-Cederbaum and Minnameier [183, Section 2.2] introduce various such
properties for interaction systems and study the computational complexity of
their decision procedures. For instance, the property of progress of a certain
component in an interaction system stipulates that actions of the component
occur infinitely often in every run starting from a global initial state where a
run is an infinite transition sequence. Martens [190, Definition 2.2.2] defines
this property as: Actions of the component in question participate in every run
starting from any reachable state where participation means that an interaction
occurs where one of the actions is contained in [190, Definition 2.1.2]. A similar
definition is given by Majster-Cederbaum et al. [188, Definition 3.4] under the
name “liveness” (not to be confused with the more general liveness in liveness
properties by Alpern and Schneider [9]). Gossler et al. [124, Definition 7] define
that a component may progress if any run can be continued in a way such that
the component participates in an occurring interaction, although as admitted
later [190, Section 2.3], the name “may progress” should not be confused with
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the other definitions of progress in interaction systems. All authors require
that the interaction system in question is deadlock-free. Since systems with
unobservable transitions are not considered in the referenced work, we now
could adjust these definitions and give extended definitions that are compliant
with our setting and derive a notion of observable progress.

However here, as already mentioned at the beginning of Section 2.3, we want
to get rid of informal text descriptions serving as property specifications, but
also want to avoid several definitions that are needed to precisely fix the
meaning of a property. Moreover, it is interesting to ask why we need to
explicitly require the deadlock-freedom in the definition of progress, although,
as we pointed out at the end of the previous section, we should establish the
deadlock-freedom of a system before we apply model checking. We express
(observable) progress as the following CTL-X formula where i is a component
parameter:

‘Pprogress (Z) = AG AF(VaeIntopen Ni(w)£D D‘)'

Now, a component i of an interaction system Sys makes (observable) progress
if [Sys] \i Yprogress (i) (cf. Definition 2.12). Note that this completes the defini-
tion of progress with respect to the work referenced above, which shows the
power of using a temporal logic. Nevertheless, we explain the idea behind
the property. The formula stipulates that in all reachable global states it holds
for all maximal paths starting in this state that eventually an open interaction
occurs where component i participates in. Note that a system whose global
initial state is a deadlock (or similarly, if a deadlock is reachable in an interac-
tion system) does not satisfy this property because on the single maximal path
of the corresponding Kripke structure, that merely consists of the deadlocked
state, no state is reached that is labeled with an open interaction. Moreover, if
all interactions in which component i participates in are closed interactions,
the disjunction in the formula ¥progress(7) is empty which corresponds to L
(cf. Definition D.2), i.e., in this case the whole formula is not satisfied by any
interaction system since we required that at least one global (initial) state is
present.

We want to point out that the formulae for properties that refer to a component
of an interaction system, e.g., progress, are first completely generated, i.e., the
disjunction of the corresponding interactions is first carried out before the
property is checked. This is important since the property may only consist of
atomic propositions that are open interactions of the underlying interaction
system.

But, this is not a restriction since we can also add special atomic propositions
that refer to, e.g., the participation of a certain component. For instance
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regarding the progress property above, we can modify the translation to a
Kripke structure (cf. Definition 2.11) and add for each global state the set of
components that participate in the corresponding interaction, i.e., the label
function becomes L£((s,a,t)) = {a} Ucompset(a) (for a global state s it stays
the same). Then, the progress property simply becomes ‘{’}Qrogress(i) := AGAFi

for i € Comp. However, this syntactical sugar only shortens formulae and we
thus stick to our original definition/translation of CTL*.

We continue with two further known parametrized properties. First, we
consider the availability of a component. Majster-Cederbaum and Minnameier
[183, Section 2.2] define it as: On every run starting in a global initial state
of a deadlock-free interaction system—where a run is, as mentioned above,
an infinite sequence of transitions—actions of the component in question are
contained in an enabled interaction infinitely often, which means that the
next global state could be a state that is reached via an interaction where the
component participates in. Actually, here we have to say the next observable
global state since we cannot directly address the next global state if we use
CTL*-X. We thus express (observable) availability as the following CTL-X
formula where i is a component parameter:

‘Pavailable(i) := AGAF E((/\ae]ntopen _‘0‘) U (\/aelntopen Ni(a)#£D 0‘)) .

Now, a component i of an interaction system Sys is (observable) available if
[Sys] |i Y,vailable (7). The formula stipulates that in all reachable global states it
holds for all maximal paths starting in this state that eventually a global state is
reached in which a maximal path starts on which only closed interactions, i.e.,
T-labels, occur until an open interaction occurs where component i participates
in.

Second, we consider whether a component is /ive where we use the definition
of Minnameier [205, Definition 2.25]. Note that this property is also specified
by Gossler et al. [124, Definition 7] under the misleading name “progress”. The
property states for a component of an interaction system that we can always
execute a sequence of interactions from every reachable global state such that
eventually an interaction is executed where the component participates in.
Again, we have to adjust this idea to be conform with unobservable behavior,
and thus express whether is a component is (observable) live as the as the
following CTL-X formula:

‘Ylive(i) = AG EF(VocEIntopen Ni(a)#D D‘)'

Now, a component i of an interaction system Sys is (observable) live if [[Sys]
Ylive (7). The formula stipulates that in all reachable global states there is a
maximal path starting in this state where eventually an open interaction occurs

v
=

where component i participates in.
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We want to mention that all three formulae ¥progress (i), Yavaitable (7), and Fiive (7)
(where i € Comp) are CTL-X formulae, i.e., we did not need the whole expres-
sive power of Extended Computational Tree Logic without the next temporal
operator. This means for model checking these properties, that the check
can be carried out, as mentioned in the previous section, in O(|KS| - |®|)
[68]. Since the translation of the global behavior into a Kripke structure is
linear (cf. Definition 2.11) and we have |¥progress(i)| € O(|Intopen|) for a com-
ponent i € Comp (the same holds for Yayaiapie (1) and iy (i)), the driving
parameter for checking these properties is the size of the global behavior. We
already know that the construction of this global behavior is exponential in
the size of the input, which means that we cannot hope for a naive verification
approach in polynomial time. This is supported by the results of Majster-
Cederbaum and Minnameier [183] and Minnameier [205] who show that the
corresponding decision problems for the three above discussed properties are
PSPACE-hard.

Next, we take a look at specific properties, i.e., properties that refer to a specific
interaction system.

2.3.5 Specific Properties

Specific properties are tailored for a particular interaction system, i.e., the
atomic propositions are the set of open interactions of this particular system.
For instance, we can ask for our running example Sysynvs: Is it possible that
the management component m executes its action deliver,, before its action
reserve,, as corresponding interactions seen from the global initial state? In
other words, is the interaction {deliver,,, ship;} preceded by the interaction
{reservey,, marks}? For this question, we can verify the following CTL*-X
property in [Sysyms]:

Y = A(F {deliver,,, ships} = —{deliver,,, ships} U {reserve,,, marks}).

The formula stipulates that in all maximal paths if eventually the interaction
{deliver,,, ships } occurs, then {deliver,,, ships} does not occur on the path be-
fore {reserve,,, marks} occurs. Now, we can use a model checker which yields
[Sysmms] = ¥, ie., interaction {deliver,,, ships} is preceded by interaction
{reserve,,, marks} as seen from the global initial state of the system. However,
as mentioned above, the model checker needs to construct the global behav-
ior of the interaction systems and this construction potentially exceeds the
available memory because of the state space explosion problem.

We come back to this issue in later chapters and show how to avoid this con-
struction. But before, we introduce equivalences for interaction systems.
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2.4 Behavioral Equivalence in Interaction Systems

We already mentioned several times that we need a notion to compare the
behavior of interaction systems, i.e., something like a behavioral equivalence.
In this section, we address this issue.

The identification of equivalent behavior is beneficial in many aspects. For
instance, once a set of properties is verified for a certain system, we expect that
this set also holds for systems that exhibit an equivalent behavior. A similar
aspect is the question of abstraction, i.e., whether we can safely abstract from
system parts that are not of interest in our current verification step and prove
that properties that hold in the abstracted version also hold in the original
system—since the abstraction and the original are behavioral equivalent. The
key question here is: What is exactly meant by equivalent behavior?

Typically, by equivalence we mean an equivalence relation on the behavior.
Here, this boils down to which states of given labeled transition systems—
which we use to describe behavior—can be related such that they cannot be
distinguished by observation. These kind of relations were addressed in many
fields of research, e.g., equivalence of regular languages in automata theory
[145, Section 4.4] or bisimilarity in Milner’s process algebra CCS [197, Chapter
4]—in fact, Milner was the first to use equivalences to compare models of
concurrency at different levels of abstraction [141, Section 7.4.1].

In the context of sequential systems and concurrency semantics (which also
applies here), Van Glabbeek [112, 113] studied suitable relations in an exhaus-
tive manner. In his work, one can find several different semantics and dozens
of behavioral equivalences. Here, we focus on five of these equivalences that
are important for our considerations and are compliant with our following
goals: We want to pick a behavioral equivalence that preserves an interesting
set of properties, abstracts from negligible parts of the behavior (especially
unobservable parts, i.e., T-transitions), and can be computed efficiently, i.e.,
in polynomial time. The last point excludes all trace equivalences, which
typically correspond to language equivalence in automata theory, e.g., the
one by Hoare [140], since they are PSPACE-complete as shown by Kanellakis
and Smolka [152]—following the corresponding PSPACE-completeness result
for language equivalence by Meyer and Stockmeyer [193]. As pointed out
by Van Glabbeek [113, Section 5], it is a good strategy to start the selection
process for an equivalence with the finest one available and later step down
to coarser ones since previous verification steps usually remain valid if a
coarser equivalence is used later. We thus begin our selection process with the
finest one available [112], viz. strong bisimilarity, and descend to four coarser
ones since strong bisimilarity does not distinguish between observable and
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unobservable actions, i.e., all actions are observable, and one of our goals is to
neglect unobservable parts as much as possible.

We consider the following well-known equivalences in a selection process for
a behavioral equivalence of interaction systems, ordered by their appearance
in the literature. The formal definitions in the setting of this thesis can be
found in Appendix E (cf. the pointers in the following list).

1. Strong bisimilarity: ~; (cf. Definition E.1)
Weak bisimilarity: ~, (cf. Definition E.2)
Branching bisimilarity: ~, (cf. Definition E.3)

Divergence sensitive branching bisimilarity: ~; (cf. Definition E.4)

S N

Branching bisimilarity with explicit divergence: &' (cf. Definition E.5)

We want to point out that weak bisimilarity has been used heavily in models
comparable to interaction systems (cf. Section 2.1.4), e.g., in the approaches
by Hennicker et al. [137] and by Bernardo et al. [39]. We have used branching
bisimilarity in the context of interaction systems [160]. It is thus natural
to include these equivalences in our selection process here. The other two
equivalences are finer versions of branching bisimilarity. Note that all five
equivalences can be computed in polynomial time (cf. Appendix E).

We want to shortly mention the origins of these bisimilarities, we refer the
reader to Appendix E and the work of Van Glabbeek [113] for a more detailed
discussion. In particular, we focus on logical characterizations since these
provide a measure for the kind of properties that are preserved. The origins of
strong bisimilarity go back to Park [222] and Milner [197] where the notation
of Park is the one that is typically used today (and which was also adopted by
Milner [198]). Browne et al. [53] provide a logical characterization of strong
bisimilarity where satisfaction of the same CTL* formulae coincides with
strong bisimilarity. Hennessy-Milner logic [135] also logically characterizes
strong bisimilarity [136]. Milner was also involved in the introduction of
the first variant that deals with unobservable behavior, i.e., T-transitions,
leading to the notion of weak bisimilarity by Hennessy and Milner [135, 136]—
back then, they used the name observational equivalence (in the presence
of unobservable actions) although Milner [198] also used the name weak
bisimilarity. Bergstra and Klop [37] use the name T-bisimilarity for a similar
notion, and later Milner [201] uses the name bisimilarity for the coarsest
relation satisfying his observational equivalence—to avoid confusion, we
here only use the names strong and weak bisimilarity. In his book on CCS
[200, Chapter 10], Milner introduces a weak variant of Hennessy-Milner logic,
which is called PL~ (Process logic restricted to weak possibility), that logically
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characterizes weak bisimilarity.

Van Glabbeek and Weijland [114] observe that weak bisimilarity does not
preserve the branching structure of behavior, which led to the introduction
of branching bisimilarity. Logical characterizations of branching bisimilarity
are provided by De Nicola and Vaandrager [85], where the authors prove that
CTL*-X interpreted over all paths instead of maximal ones—as originally de-
fined by Emerson and Halpern [95]—logically characterizes branching bisimi-
larity (based on stuttering equivalence of Kripke structures [53]). In order to
overcome this “all path interpretation”, De Nicola and Vaandrager [85] intro-
duce divergence sensitive branching bisimilarity to establish an equivalence
that is logically characterized by CTL*-X (as defined here, cf. Appendix D).
Van Glabbeek et al. [117] note that divergence sensitive branching bisimilarity
is not suitable in compositional settings since it fails to be a congruence for
a process algebraic parallel operator. The reason for this behavior is that
CTL*-X cannot distinguish between deadlocks and livelocks as we discussed
on page 45, and indeed, deadlocks and livelocks are equivalent under diver-
gence sensitive branching bisimilarity. In the spirit of Bergstra et al. [38], a
notion called branching bisimilarity with explicit divergence is introduced
(which was already mentioned in earlier work by Van Glabbeek and Weij-
land [115]) that overcomes this problem. However, Van Glabbeek et al. [117]
also need to adjust CTL*-X such that it characterizes this new bisimilarity, or
alternatively, apply the characterization only for deadlock-free systems.

In the next section, we compare the five equivalences by means of a small
example, summarize the pros and cons, and finish the selection process.

2.4.1 Choosing an Appropriate Behavioral Equivalence

The following example illustrates the differences of the equivalences with
respect to the global behaviors of interaction systems.

Example 2.14: We compare five labeled transition systems that correspond
to the global behaviors of interaction systems. We introduce five interac-
tion systems Sys®) = ((({i}, {{as, bi, ci}}), {{ai}, {b:}, {ei}}, {{ei} D), {1}
for 1 < k < 5 with different local behavior of component i in each case (which
therefore results in a different global behavior since i is the only component).
Observe that action ¢; is only contained in a closed interaction, thus becomes
unobservable in the global behavior, i.e., each T corresponds to c; in the local
behavior of the component. Figure 2.11 on the facing page shows the global
behaviors of the five systems. We do not specify the local behavior of compo-
nent i in each case since it is the same as the global behavior if we exchange
the interactions with the corresponding actions.
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Figure 2.11: Five different behaviors of component i result in the five depicted
global behaviors of the corresponding interaction systems, that can be distin-
guished by the introduced equivalences. The equivalences that identify and
distinguish respectively each system are depicted between the initial states,
where in each case this holds for all following systems from the left to the
right, e.g., the first one is also weak bisimilar to the last one. We use the
abbreviations « = {a;} and B = {b;} for the open interactions.

These labeled transition systems are based on an example of Van Glabbeek
and Weijland [115, Figure 7] where more examples that distinguish weak and
branching bisimilarity can be found. Van Glabbeek et al. [117] have other
examples that distinguish the different kinds branching bisimilarity.

We shortly demonstrate how the equivalences in Figure 2.11 are established.
For instance, in order to show why the systems are weak bisimilar, we have
to give an appropriate relation R, on the states (cf. Definition E.2): We set
R~, = {(s%,t9), (s', 1Y), (s%,t2), (s, 13), (s*,t3) } where s denotes the states
of [SysV] and t of [[Sys?], [Sys®], or [Sys¥]. Clearly, this shows the weak
bisimilarity of the systems. If we want to establish the weak bisimilarity be-
tween [[Sys()] and [Sys®)], we have to add the tuples (s', t*) and (t,s') to
R ~,—again, if s denotes the states of [Sys())] and t of [[Sys®)]. We do not ex-
plicitly address all combinations here, we just point out that, e.g., [Sys*)]] and
[Sys®)] can be distinguished by the CTL* formula ® = AG(a = XX T), i.e.,
[Sys] = ® and [Sys®] &= @, and thus they cannot be strongly bisimilar.
The other cases can be settled in an analogous way by either giving an appro-
priate relation to establish the equivalence or a formula in the corresponding
characterization to refute it.

Example 2.14 shows the differences in the five equivalence relations with
respect to which behavior is considered as equivalent. Next, we provide an
overview of these differences in Table 2.1 on the following page.
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Equiv. Logical Char. Pros and Cons Runtime
=3 CTL* compresses identical branches, O(m -logn)
treats unobservable behavior as
observable
Ny  PLT compresses branches with the ~ O(n*%2%7)

same observable behavior, dis-
cards divergence, cannot distin-
guish dead- and livelock

~ CTL*-X inter- compresses unobservable se- O(m - n)
preted over all  quences & identical branches,
paths instead discards divergence, cannot
of max. ones distinguish dead- and livelock

Q

>

CTL*-X compresses unobservable se- O(m-n)
quences & identical branches,
preserves divergence in non-
deadlocks, cannot distinguish
dead- and livelock

4
=

CTL*-X if free ~ compresses unobservable se- O(m - n)
of deadlocks quences & identical branches,
preserves divergence

Table 2.1: Table summarizing the aspects for choosing an equivalence

We compare the logical characterizations, several pros and cons under the
aspect of which behavior is considered equivalent, and the runtimes to check
whether two systems are equivalent. For the runtimes, we use the abbrevi-
ations n = |S1| + |Sz| and m = Y 5 (|5 | + | —>,]|) for the sake of better
readability—where LTS; = (S;, L, { ==, }sex, S?), i = 1,2 are the two labeled
transition systems under consideration (cf. Appendix E). Moreover, we as-
sume that m > n holds and consider the set of labels to be fixed, i.e., the
number of labels is a constant, which yields the usual bounds found in the
literature. For a more detailed discussion of the runtimes, we refer the reader
to Appendix E.

This brings us back to our selection process: Which of the five equivalences is
best suited as an equivalence for interaction systems based on the aspects in
Table 2.1? We want to point out that at different occasions, different equiva-
lences work well and that, if in doubt, starting off with a finer equivalence is a
better choice since one can “fall back” to a coarser one if a certain verification
step does not succeed—and all previous steps remain valid.
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Clearly, we want to neglect some of the unobservable parts of a behavior,
which means that strong bisimilarity is not suited. Although weak bisimilarity
has a better runtime in Table 2.1 than the remaining bisimilarities, we know
that the bound is dominated by the runtime of a sub-cubic fast matrix multi-
plication algorithm (cf. Appendix E) which is only reasonable for very large
systems. As pointed out by Groote and Vaandrager [130, Section 6.2], this
bound is only valid if the number of labels is a constant and otherwise, the run-
time for branching bisimilarity is faster than for weak bisimilarity (again, we
refer the interested reader to Appendix E for a more detailed discussion). Thus,
we conclude that from a runtime point of view, there is no difference (since we
aim for polynomial costs). However, there is a difference in the preservation
of properties since CTL*-X is more expressive than PL~. Since we already
introduced properties with respect to CTL*-X in Section 2.3, we narrow our
selection process to one of the branching bisimilarities. Now, since the “all
path interpretation” of CTL*-X is only natural in a setting where deadlocks
are excluded beforehand [85, Example 3.2.8], divergence sensitive branching
bisimilarity fails to be a congruence for a process algebraic parallel operator
[117], and, as mentioned in Section 2.3, the distinction between deadlocks and
livelocks is important, we choose branching bisimilarity with explicit diver-
gence as our “working” equivalence for interaction systems. Again, we want
to mention that a more detailed discussion can be found in Appendix E.

Next, we repeat the definition of branching bisimilarity with explicit diver-
gence but extend it to interaction systems. This allows us to use the notion
interchangeable for interaction systems and labeled transition systems, where
the former case uses the global behavior and thus, the two coincide.

Definition 2.15 (Behavioral Equivalent Interaction Systems): Let Sys(!) and
Sys?) be two interaction systems with the same set of open interactions, i.e.,
Inté}))en = Int(%)en := 2. Let [[Sys(i)]] = (5;, 27, {in}aezr,S?), i =1,2, denote
their global behaviors. The systems are behavioral equivalent or branching
bisimilar with explicit divergence, denoted by Sys®") ~2 Sys(?), if [Sys(V] =~
[Sys®] holds, i.e., if a symmetric relation R C S; x S U Sy x S exists such
that fori = 1,2 and j = (i mod 2) + 1 holds

1. for all states s! € S? exists a state s? € S? such that (s?, s?) € R and
2. forall (s;,s;) € Rwiths; € S;and s; € S; it holds that
2.1. forallt; € S;and allw € X7, if s; —%, t; then
(a) eithera = Tand (t;,5;) € R

(b) or there are states 7;, t; € S; with s; L>]* ri, 1 i>j ti, (si, r]-) S
R,and (t;,t;) € R and



56 2 Interaction Systems

2.2. if there is an infinite path 7 over (S;, ;) such that 77[0] = s;, then
there exists a state t; € S; such that s; L>]- t;and (t;,t;) € R where
t; = mt[k] for some k € IN.

We want to point out one important aspect that goes along with the choice of
branching bisimilarity with explicit divergence. As mentioned in Table 2.1,
two interaction systems that are behavioral equivalent with respect to Defi-
nition 2.15, i.e., their global behaviors are branching bisimilar with explicit
divergence, satisfy the same set of properties only if they are deadlock-free.
This emphasizes the importance of this property and we thus address this
issue in an own chapter (cf. Chapter 6).

It is important to realize that this does not mean that branching bisimilar-
ity with explicit divergence cannot distinguish between dead- and livelocks.
Clearly, a deadlock cannot be related to a livelock since it has no infinite path
of T-transitions—as opposed to divergence sensitive branching bisimilarity
where this is the case (cf. Definition E.4). Thus, the requirement of deadlock-
freedom only refers to the logical characterization in CTL*-X, although free-
dom from deadlocks is in general a desired property of any system.

This ends the discussion and search for a behavioral equivalence for interaction
systems that matches our goals. In the following sections, we address some
further notions and useful ideas.

2.4.2 Reducing Behavior: Quotients

Since a relation that establishes branching bisimilarity with explicit divergence
can be turned into an equivalence relation (see the work by Van Glabbeek
et al. [116, Section 3] for a proof idea that adapts the proof of Basten [29] that
branching bisimilarity (cf. Definition E.3) is an equivalence relation), a natural
question is whether a labeled transition system can be reduced with the help
of the equivalence classes that are induced by the relation. Similar approaches
are well known in automata theory where deterministic finite automata can
be minimized by computing the equivalence classes of the famous relation by
Myhill [209] and Nerode [211] (see the book of Hopcroft et al. [145, Section 4.4]
for an overview).

In the case of labeled transition systems, this reduced version (with respect
to bisimilarity) is usually called the quotient labeled transition system—we sim-
ply call it quotient in the following—but works along the lines of automata
minimization. In order to obtain the smallest quotient, one has to consider
the coarsest equivalence relation, i.e., the one that relates as many states as
possible, that still guarantees to establish bisimilarity. We refer the reader to
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Section 7.1.1 in the book of Baier and Katoen [23] for an introduction to the
concept of quotients and coarsest relations.

Now, we give a formal definition of the quotient with respect to branching
bisimilarity with explicit divergence. Admittedly, such a definition is straight-
forward along the lines of the definition of the equivalence itself; however, we
use this quotient in subsequent chapters and thus define it here for the sake of
self-containedness and for introducing our notation.

Please note that we define the quotient with respect to labeled transition
system and thus use Definition E.5 as the underlying definition of branching
bisimilarity with explicit divergence and not Definition 2.15 that introduced
this notion for interaction systems.

Definition 2.16 (=#-Quotient): Let LTS = (S, X7, {—%},cxr, S°) be a labeled
transition system. Let R C S x S be a symmetric relation that establishes
the branching bisimilarity with explicit divergence of LTS with itself, i.e.,
LTS zﬁ LTS, that is the coarsest among all suitable relations, i.e., for all
R’ C S x Sitholds that if R’ establishes LTS ~§ LTS, then R’ C R holds. The
~B-quotient of LTS with respect to R is the labeled transition system LTS~ =
(8,27, {—" Y pesr, SY) with 8" = {[s]gr | s € S} and S¥ = {[s"]r | s* € S%}
where [s]g = {t € S| (s,t) € R} denotes the equivalence class of a states € S
with respect to R. The family of transition relations {—'},c5r is defined
according to the cases in Definition E.5: For alls,t € Sand alla € X7: Ifa # 7,
we have [s]g - [t]g if and only if s % t holds, and if a = 7, we have
[slr == [t|r if and only if [s]g # [t]gr and s == t or [s]g = [t]r and there is
ar € [s]g withr =T r.

The quotient of a labeled transition system introduced in Definition 2.16 is only
useful if we can safely consider the quotient instead of the original system. In
the following lemma, we formally establish this usefulness.

Lemma 2.17 (Validity of the ~2-Quotient): Let LTS = (S, X7, { -+ }4cxr, S°)
be a labeled transition system. We have:

LTS ~ LTS.

A formal proof of Lemma 2.17 can be found in Appendix F on page 237.

Lemma 2.17 ensures the validity of our definition of the quotient with respect
to branching bisimilarity with explicit divergence. Here, we do not address
how the quotient can be computed, but give a detailed discussion in Ap-
pendix E. Instead, we introduce a further, very useful equivalence that we
need in the following chapters.
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2.4.3 A Further Equivalence: Isomorphism

We introduce a further equivalence that is stronger than the variants presented
above, viz. isomorphism. In our context, isomorphism is understood similarly
as in graph theory [89, Chapter 1]. Interestingly, graph isomorphism is one
of the problems that can be solved in nondeterministic polynomial time,
i.e., the corresponding decision problem belongs to NP, but it is unknown
whether is is NP-complete [108, Section 7.1]. However, this does not guarantee
that isomorphism can be established in polynomial time and we thus use
this notion not for computations, but rather in situations where we want to
establish that two systems are “nearly identical”. Since in our setting we have
labeled edges, we adjust the usual definition of isomorphism and derive a
notion called isomorphism up to transition relabeling. Next, we define what
we mean by this notion.

Definition 2.18 (Isomorphism up to Transition Relabeling): Let LTS; = (S;,
Zi, {5 baes,, S?), i = 1,2, be labeled transition systems. The systems are
isomorphic up to transition relabeling if two bijective functions f: S; — Sp and
g: X1 — X exist such that for all s; € S; it holds thats; € 5(1) holds if and only
if f(s1) € Sg holds and for all s1,t; € S; and a € X it holds that s; -,
holds if and only if f(s1) &, f(t1) with b = g(a) holds.

This ends our discussion of equivalences. Next, we summarize the chap-
ter.

2.5 Summary

We introduced the model of interaction systems as a means for the specifica-
tion of component-based systems. We discussed a variety of properties and
showed how temporal logic can be used to specify properties precisely. The
combinatorial explosion, that can arise when constructing the global behavior
of an interaction system, opens the challenge of verification techniques that
are guaranteed to run in polynomial time in the size of the original input,
viz. the specification of the interaction system in question. We address this
challenge in the subsequent chapters of this thesis where one way uses the
behavioral equivalences that we introduced in this chapter.

In the next chapter, we study how the concepts of compositionality and ab-
straction can be employed in interaction systems.
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Chapter 3

Compositionality & Abstraction

In the previous chapter, we considered one interaction system and its proper-
ties. An important extension to this consideration is the treatment of several
interaction systems and their composition, e.g., the building blocks of a soft-
ware product under development are not exclusively given as components but
also as systems. This compositional aspect is very natural and often called the
key concept of successful software engineering. It can thus be found in many
formalisms such as the composition operators of process algebras. Moreover,
the approach of component-based development is not only enriched by divid-
ing functionality among the components but also by combining some of these
components and using a resulting composite component in future systems. As
we saw in the previous chapter (cf. Section 2.1.4), many related models allow
for such composite components. Here, we treat such composite components
as interaction systems.

The above described compositional way is known as hierarchical modeling
and allows to organize the development of software products on multiple
levels and fosters the reuse of system parts that have been verified as correct.
The ultimate goal for software engineers following this way in combination
with formal methods is to compose only verified system parts in order to
automatically derive a correct system by construction. This approach, known
as correctness by construction, enables software engineers to create complex
and correct systems right from the beginning. One important aspect of this
approach is the abstraction of information or functionality that is not needed
on higher levels. For instance, consider two components that should be
treated as a (composed) interaction system but only one of them should be
used in further composition steps, i.e., the other component is only needed for
internal cooperation in this interaction system. From a hierarchical modeling
perspective, we now have to make sure that only the relevant information is
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visible for composition, i.e., there has to be a way of hiding the components
and interactions of a system that should not be visible. For this purpose,
we already introduced closed interactions in Chapter 2 that provide this
functionality in interaction systems, but we need an operator that allows us to
declare interactions as closed.

Thus in the sequel, we define several operators for interaction systems that en-
able us to realize compositionality and abstraction in interaction systems. The
key compositional concepts developed in this chapter become important in
later chapters, where we make additional assumptions about the architecture
of interaction systems. We start out with combining interaction systems in the
next section.

3.1 Composition of Interaction Systems

We want to mention that there already is a composition operator for interac-
tion systems, viz. the one defined in the work by Gossler and Sifakis [121].
However as we pointed out in Chapter 2, the concept of complete interactions
that have to be closed with respect to set inclusion in the set of all possible in-
teractions render the operator incompatible with our definition of interaction
systems. Moreover, the operator is defined with a rule that prioritizes the exe-
cution of the largest interaction, and it does not allow to remove interactions
that should not occur in the composite system. The advantage of these rules is
that they automatically imply deadlock-freedom of a composite system if its
constituting parts are deadlock-free but under strong restrictions such as the
preserved executability of all interactions of the single parts. Our concept of
closed interactions, that naturally should not be available for composition, can-
not directly be added to this operator. Thus, we define a new operator that is
compatible with our definition and allows for a more expressive composition
at the price of not implying deadlock-freedom automatically.

But before we introduce our composition operator, we need three auxiliary
definitions that ease the definition of our operator.

3.1.1 Preliminaries

We have to make one assumption before we start combining interaction sys-
tems, namely that their provided information does not overlap, i.e., we have
to make sure that we can identify the origin of every component or action. For
this purpose, we define the notion of disjoint interaction systems.
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Definition 3.1 (Disjoint Interaction Systems): Let Sys(") and Sys® be two
interaction systems. Sys(!) and Sys(?) are called disjoint, if their component
systems are disjoint, i.e., Comp(l) N Comp(z) = @and ActM) N Act® = @ holds,
and all components’ sets of states are disjoint, i.e., S; N Sj = @ holds for all
i € Comp™) and j € Comp?).

Please note that the disjointness of the sets of states within a single interaction
system is already guaranteed by Definition 2.5 (cf. page 22).

The next definition introduces a notation that we need for our composition
operator. This notation is not tied to interaction systems, we thus define it
over arbitrary sets.

~~~~~

sets with n > 2 and each &; = {X;,...,X;, } withi, > 1forl <i < n.
The powerset interjoin of these sets is defined by X; b1 Ao ... &), = {& U

$2U...UGu | &1 € Uxer, 2° A §2 € Uxeny 25 A oo A G € Uxen, 251\
(Ui<i<n Uxex, 2%), i.e., the powerset interjoin contains only new (nonempty)
sets that are not contained in any [y, X 2Xfor1<i<n.

We demonstrate the powerset interjoin by a small example. Consider the two
sets of sets X1 = {{a1,a2}} and X = {{a3}, {as}}. We build their powerset
interjoin which yields:
o ={aUs|ae U2"ree U299\ (U U 29
XeX| XeX 1<i<2 XeX;
={Gud|é e {0 {m} {ar} {a, a2} A G2 €{D, {as}, {aa}} ]\
{®/ {ﬂl}, {QZ}/ {a3}/ {ﬂ4}, {all a2}}

= {{al,a3}, {01,614}, {az, 613}, {az, a4}, {al,az, a3}, {ﬂl,az, a4}}.

The last preliminary definition also introduces a notation that we need in the
following. Again, the notation is not tied to interaction systems and thus
defined with respect to arbitrary sets.

Definition 3.3 (Coverage): A set of sets X is said to be covered by a set of sets
Y,denotedby X C ),if VX € X JY € Y: XCY.

As an example, take a look at the sets X = {{1,2},{2,3}}, Y = {{1,2,3}},
and Z = {{1,3}}. Both X and Z are covered by V,ie, X T Yand Z C Y
holds, but the sets X and Z are not covered by each other, i.e.,, X Z Z and
Z I X holds.

Next, we introduce our composition operator for interaction systems.
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3.1.2 The Composition Operator

We define the composition operator as follows.

Definition 3.4 (Composition): Let Sys(l), ..., Sys") be n pairwise disjoint in-
teraction systems with n > 2, and let (I *,17) be their composition information

with IT C Int&,)en ... Intgé)en being a set of new interactions that are added

to the composite system and I~ C Intg;)en Uu...u Intg;l,)en being a set of old in-

teractions that are removed from the composite system. Let [~ C [ * hold, i.e.,
any old interaction is contained in at least one new interaction. The composition
of SysV), ..., Sys(™) with respect to (I*, 1) is the tuple

& sy, sys™} = (@ (MY, MY T sccomporu..ocomp)
(It,17) (It,17)

with
o @, (MY, IMM} = (@{CsW,...,cs™}, (I U U U

Int) \ I, Inty) g U Ut ) and

closed closed
e ®{CSW,...,c8M} := (Comp™ U ... U Comp™, {Ai}ieComp(1>U...UC0mp(”>)'

For the case n = 2, called binary composition, we also write Sys(!) Q(1+,1-) Sys(2).

Finally, we write ® Sys(i) if the numbering of the systems is unambiguous.
I

Please note that the sets I and I~ in Definition 3.4 allow for modeling arbi-

trary composition situations as the following example shows.

Example 3.5: Consider two disjoint interaction systems Sys(!) and Sys(?), each
with two components, the interaction sets Int'!) = {{aj, a2} } and Int'?) =
{{a3,a4}}, and empty sets of closed interactions. We want to compose these
systems, i.e., we have to provide their composition information (I, 7). If
we now put [T = {{a1, a», a3,a4}}, the set I~ allows us to control whether
we still allow the interactions {a1,a,} and {a3,a4} to occur in the composite
system, i.e., we put I~ = @, or we only want the interaction {ay,a,,a3,a4}
to be possible, i.e., we put I~ = {{a1,a2},{a3, a4} }. Note that in either case
[~ C I' holds because {a1,a2} C {ay,az,a3,a4} and {az,as} C {ay,a2,a3,a4}.

In the definition of the composition operator, we only stated that the composite
system is a tuple that has the same build-up as an interaction system, i.e., we
can identify a component system and an interaction model. Next, we show
that this tuple is indeed a valid interaction system with respect to its formal
definition (cf. Definition 2.5).
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Proposition 3.6 (Composition Operator Validity): The tuple constructed by
the composition operator of Definition 3.4 is an interaction system.

A formal proof of Proposition 3.6 can be found in Appendix F on page 238.

We use our running example Sysyvs to demonstrate the usage of the compo-
sition operator. We introduce a second customer and a second management
component that build a second merchandise management system which we
compose with our running example in order to access its storage component,
i.e., the two systems share the storage component. This situation can occur
when a wholesaler owns a retail shop and also runs an online shop where the
prices differ in the two merchandise management systems and the wholesaler
uses its storage for both shops.

We assume that the new merchandise management system is already modeled,
i.e., given is the following interaction system:

Syskies = ((Comp, { Ay, Au 1), 1t 18], ), 2], [ma])
where the elements of the component system and interaction model respec-
tively are given by:

ComP(z) = {c2, ma},

A, = {abort.,,ask,, buy.,, refund,, },

Ay, = {cancel,y,, deliver,,,, order ,, paym,, printy,, reimburse,,,, release,,,,

reservey, },

nt® = {{abortCZ,cancelmz}, {ask.,, ordery, }, {buy.,, paym, }, {delivery, },

{printy, }, {refund,,, reimburse,,, }, {release,,, }, {reserve,, } }, and
2 .
Intélczsed = { {prmtm2 } } .

Figure 3.1 depicts the interaction model of Sys(?.

reimburse,,, print,
PaYm, reservey,
ordery, deliver,,
cancely,, releasey,

Figure 3.1: Interaction model of the second merchandise management system
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For the behavior of the components in Comp(?), we assume that a labeled
transition system equal to [m] up to label renaming is given for the second
management component 11, i.e., every label of [m] is replaced by the corre-
sponding label in A,,, to obtain [[m;]] (cf. Figure 2.3 on page 23 for [m]). The
behavior of the second customer component ¢, is given as:

[c2]) = ({S(c)z bAo, {{ }abortczl { }askc2 A (5(?2, S(ch> }buycz A (ngr 522) }rfffundcz } {S(c)z ).

Thus, this labeled transition system only consists of one initial state and two
self-loops labeled by buy., and refund., respectively, i.e., this customer can
only directly buy items which is the case for a typical retail store.

Next, we compose the original merchandise management system Sysyps with
the second system Sysl(vzl%vls. We combine the actions of the second management
component m; that are used to access a storage component with the storage
component s, i.e., we get the following set of new interactions:

I'" = {{deliver,,, ship}, {release,,,, unmarks}, { reserve,,,, marks} } .

Observe that [T C Intopen Intg))en holds, i.e., the set is valid for the com-
position operator according to Definition 3.4. Since component m, should
use the storage component s for any request, we have to remove the storage-
cooperation singletons of Int(?) in the composite system, i.e., we get the fol-
lowing set of old interactions:
I~ = {{deliver, }, {release,, }, { reservey, } }.

Observe that I~ C Intopen U Int(%)en holds, i.e., the set is valid for the composi-
tion operator according to Definition 3.4. Finally, observe that I~ C I holds,
since any old interaction is contained in a new interaction.

We now set Sysﬁ%vls = Q1+,1-) {Sysmms, Sysﬁl)ws}, which results in:

Syshius = (((Comp™, { A} o), Int®, Int ), {1} iccomp)

where the new elements—the action sets and labeled transition systems were
already specified above—are given by:

Comp(3) = Comp U Comp(z) = {c,co,m,my,s},

mt® = (It Ulntu Int(2)) \ I~ = {{abort., cancel,, }, {abort.,, cancel,,, },
{ask., order,, }, {aske,, ordery, }, {buyc, paym}, {buyc,, paym, },
{delivery,, ships}, {deliver,,,, ships}, {print,, }, {print,, },
{refund., reimburse,, }, { refund,,, reimburse,,, }, { release,,, unmark;},

{releasey,,, unmark; },{ reserve,,, marks}, { reserve,,,, marks } }, and

3 2 . ,
Intélgsed = Intoseq U Intgkzsed = {{print,,}, {print,,}}.
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We use our graphical representation to illustrate this composition process.
Figure 3.2 depicts the composite interaction model, where we colored the new
and old interactions (cf. the caption of the figure).

refund,
buy.
C
ask,
abort, release,,
refund., reimbursen, printy,
buyc, PaAYm, reservey,,
C2
aske, ordery, deliver
abort,, cancel,y,, release,,,

Figure 3.2: The interaction model of the composed system Sysl(vsl%v[s. New
interactions (I7) are colored in green and old interactions (I ) are colored in
red where a completely red colored action illustrates that the corresponding
singleton interaction is contained in [~.

Now, it is interesting to verify properties of our composition, e.g., does the
storage component answer any reservation request from the second manage-
ment component before the first management component interacts with the
storage, i.e., we want to verify [Sys®)] = ¥ with:

Y = AG({reservey,, marks} = A(— vae[nt(()i,)en/\{m,s}gcompset(a) )

({delivery,, ships} V {release,, unmarks})).

Indeed, this property holds but for its verification we have to construct the
global behavior [[Sysl(\il)ws]], i.e., execute BEHAVIOR—TRAVERSAL(Sysl(\il)ws) (cf.
Algorithm B.2), and run a model checker, which is very efficient for this
small system—the reachable part of [[Sysl(\ifv[s]] returned by Algorithm B.2
consists of 44 states and 117 transitions—but not for a large composition, e.g.,
imagine more management and customer components attached to the storage
component. However, we do not depict the global behavior here, because the
number of states and transitions is already too large.

Thus, we first establish properties of our composition operator that together
with a means of abstraction allows us to verify properties on a reduced version
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of a system and imply the property validity for the original system. However,
we postpone this reduction approach to Chapter 5.

In the next section, we establish important properties of our composition
operator such as its commutativity and associativity.

3.1.3 Properties of Composition

It is a useful property of composition operators that they are associative
and commutative. Note that associativity is important for compositionality
since it allows to compose several systems incrementally without paying
attention to the order in which the systems are composed. However, we
introduced our composition operator as a multi-ary variant, and associativity
and commutativity are usually defined for binary operators. In order to
overcome this “arity problem”, we next show how we can expand a multi-ary
composition to a sequence of binary composition steps.

Proposition 3.7 (Expansion to Binary Composition): Let Sys(!), ..., Sys(") be
n pairwise disjoint interaction systems with n > 2, and let (I, ™) be their
composition information with It C Int(()i,)en D ... D Intg'};)en, I~ C Int(()i[,)en U
U Intg,';)en, and I~ C I". The composition of these systems can be expanded
to n — 1 binary compositions as follows:

Q) Sys) = (...(SysV ® Sys?P) ® Sys¥)...) @ Sys
) R/_/

(- Tip Tps Th,..n
1<i<n n—2 times
withZ; ;= (Iffm,i, I ;)for2<i<mand
L ooi={ae pAct U LAt |3peTt:a=pn(ActVU...UAcD)
A anAct® £ A a g Actl)
} and
L= {weatuad 3g e g

(a =B\ Act) A ag It
ANVyelt:aCy = BCv)
AKVje{l...,i-1}:aCActY = acl)
)
Ve=pnAct?) A ael)

L

A formal proof of Proposition 3.7 can be found in Appendix F on page 239.
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We demonstrate the use of Proposition 3.7 by means of an example. Here,
we do not use our running example because the system gets too big to be
reasonable depicted.

Example 3.8: We consider the interaction systems Sys(!), Sys(?), and Sys©®)
where for k = 1,2,3 the system Sys*) consists of a component k with a single
action ay, i.e., Ay = {ax}. Observe that the systems are pairwise disjoint. The
behavior of each component is a labeled transition system [[k] consisting of
a single initial state and a self-loop labeled with the single action, and there
is only one interaction consisting of the action as a singleton in each system,
ie, nt™ = {{a}} for k = 1,2,3. No interaction is closed. Thus, we have

SJ/S( ((({k} {A), Int®, @), {[k]}) for k = 1,2,3.

We want to compose these systems into one interaction system with a single
interaction build from the individual singleton interactions, i.e., we set

Sys = ® {Sys ,Sys?), Sys®)}

with [T = {{lll,az,ﬂg,}} and I~ = {{m},{a2},{a3}}. Observe that It C
Int((,}g)en 9 Int(%)en D Int((,%)en, I- C Intgi,)en U Int((,?en U Int((,i,)en, and I~ C IT holds,
i.e., the composition is valid (cf. Definition 3.4).

Since we want to demonstrate the expansion of the composition to a sequence
of binary compositions as stated in Proposition 3.7, we apply this proposition
and get
Sys = X Sys = (SysM @ Sys?) @ Sys®
T

(- 1,2 Lips
1<1<3

where the composition information is given by

Trp = (I, L) with I}, = {{a1, a2} } and I, = {{m}, {22} },
Lips = (11,2,3r11,2,3) with IlJ,rz,s = {{al,az,ag}} and 11,2,3 = {{alr@}/ {”3}}~

Observe that any new interaction occurring in a binary composition step
corresponds to a set union of an interaction of the system of the left-hand
side of the operator with an interaction of the system of the right-hand side
with respect to a superset interaction contained in I*. Some of these new
interactions are temporary, i.e., they are needed for a subsequent composition
in the sequence of steps. For instance, the interaction {a;,a,} is needed in the
composition step with Sys(®) in order to obtain the interaction {a1,a,,43}. But,
these interactions need to be removed after they fulfilled their purpose which
is achieved by an appropriate set of old interactions in each composition step,
e.g., {a1,a,} is contained in I3
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As we already mentioned above, important features for a binary operator
are its commutativity and associativity. The commutativity of our operator
directly follows from the commutativity of the powerset interjoin and set
union operators that are used to build the composition information. We
formalize this by the following proposition.

Proposition 3.9 (Commutativity of the Binary Composition Operator): Let
Sys(M) and Sys(® be two disjoint interaction systems, and let (I, I~) be their
composition information with I T C Int((,i,)en > Int(()%,)en, I= C Int(%)en U Int(()%,)en,
and I~ C I'". The composition is commutative, i.e., it holds that
Sys @ Sys@® =5sys@ @ sys,
4 (I1,1-) 4 4 (I+,1°) 4

A formal proof of Proposition 3.9 can be found in Appendix F on page 242.

However, if we now take a look at the associativity, we cannot simply rely on
the associativity of the underlying operators as for commutativity because
our composition operator is parametrized. Thus, we have to adjust this
parameter and reorganize the composition information. Fortunately, for this
reorganization we can use the expansion of a composition into binary steps.
We formalize this idea and the associativity in the following proposition.

Proposition 3.10 (Associativity of the Binary Composition Operator): Let
Sys(V, Sys(?), and Sys(®) be three pairwise disjoint interaction systems, and
let (Il+ » I1,) be the composition information of Sys(M) and Sys(?) with 11+, , ©

Int((,;)en > Intg))en, 11_, , € Int((,;)en U Int(()%,)en, and 11_, , E Ifz- Furthermore, let

(11+ 23115 3) be the composition information of the system resulting from the

first composition and Sys(3) with Iff 23 C Int(%g_zl > Int(()%)en, Iihs © Int(()}ggr)l

Int((,%)en, and I, C I, ; where Intg,fgr)l = (I, U Intgi,)en U Intg%)en) \ I, (cf.

Definition 3.4).
The composition of these systems is associative, i.e., it holds that

( 1,2/ 1,2) ( 12,3/ 1,2,3) Ly Ly

where 1" = 2, 2" = 3, and 3’ = 1 and the composition information Zy o/
and Zy p 3 are defined as in Proposition 3.7 with respect to the sets [T =
(I, U If:z,S) \lzand I7 = (I, Ul ,3)\ Ii‘z and with primed indices in the
definition of the parametrized composition information.

A formal proof of Proposition 3.10 can be found in Appendix F on page 242.

The key point of this proposition is that the order of the interaction systems
that is induced on the single composition by the parentheses of the expansion
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in Proposition 3.7 is not important. In fact, which system is numbered as
system one, i.e., Sys(l), can be changed with an index transformation in an
automatic way as shown by Proposition 3.10. We demonstrate the associativity
by the following example.

Example 3.11: We use the same interaction systems as introduced in Exam-
ple 3.8 on page 67, i.e., we consider for k = 1,2,3 the interaction systems
Sys"), each with a component k, one action a;, and one interaction {a}.
We compose Sys(!) and Sys®) with (I}, I;,) where I, = {{ay,a:}} and
I, = {{m}, {a2}}. Afterwards, we compose the resulting system and Sys®)
with (I, 5,11, 3) where I[', 3 = {{a1,a2,a3}} and I}, 5 = {{a1,a2},{as}}.
Thus, we have:
(SysV) ® Sys'?) ® Sys®).
(Hava}} {Ha} A2} (Havazas}}, {{m a2} a3} })

Now, according to Proposition 3.10, the composition information can be rear-
ranged as the operator is associative, i.e., we get

Sys(l) ® Sys(z) ® Sys(3)
(Havazas} ), {{a} {a2,a31}) ( (Ha2a3}},{H{az} {as}}) )

because for the composition information

I = (I, 123) \ Lips = ({{‘11/’12}} U {{”l/ﬂzr%}}) \ {{”1142} {a3}}
= {{al,az,ag}} and

- (If2UIfz3 NI, 12 = ({{“1} {“2}} U {{“11@} {ﬂ3}}) \ {{ﬂllﬂz}}
= {{m} {a2}, {as}}

the sets Zy/ » and Zy/ o 3 with 1’ = 2, 2" = 3, and 3’ = 1 are defined as Zy/ y =
(1;2/, 117,2,) with I+2/ = {{LIQ,LZ3}} and Il/ o = {{612} {Elg}} and Zy 23 =
(Iil;,z/,:;)// 11/’2/,3/) with 11/’2/,3/ = {{all a, a3}} and I, 113 = {{QZ/ Ll3} {ﬂl}}

We established the important properties of commutativity and associativity
for the binary version of our composition operator. Furthermore, the expan-
sion property allows us to roll out a composition step into a sequence of
binary ones. In Chapter 2, we examined several equivalence relations for
interaction systems. There, we chose branching bisimilarity with explicit di-
vergence, denoted by ~}, as a suitable equivalence for interaction systems
(cf. Section 2.4.1). Now, an important question for any operator on interac-
tion systems is whether the chosen equivalence relation is a congruence with
respect to the operator. The property of being a congruence is essential in
order to use the operator in algebraic reasoning. For instance, if we have a
composition of several interaction systems and want to replace one of these
system with an additional one whose global behavior is branching bisimilar
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(with explicit divergence) to the one to be replaced, then we expect that the
global behaviors of the overall composition before and after the replacement
are branching bisimilar (with explicit divergence). However, such a property
is only valid if the equivalence is a congruence with respect to the composition
operator.

We want to mention that such a claim is not obvious and does not easily follow
from the definition. For instance, Van Glabbeek et al. [117, Section 5] show
that divergence sensitive branching bisimilarity (cf. Section 2.4) fails to be a
congruence for a basic parallel composition operator for labeled transition
systems. Here, we answer the congruence question for our composition
operator affirmative in the following proposition.

Proposition 3.12 (=} is a Congruence w.r.t. Composition): Let Sys(), Sys(?),
and Sys® be three interaction systems, where Sys®) is disjoint from both
Sys(l) and Sys(z). Let either I™ C Int&,)en > Intg%)en and [~ C Int&,)en U Intg%)en,
or [T C Intéi,)en D] Intg%)en and I~ C Intgi,)en U Inté%)en with I~ C I" in both
cases.

If SystM) ~8 Sys® then SysM © Sys® ~p sys@® @ Sys®).
(I*,I7) (It,17)

A formal proof of Proposition 3.12 can be found in Appendix F on page 243.

We summarize the properties of the composition operator for interaction
systems as given by Definition 3.4. We showed that the operator

e yields a valid interaction system (cf. Proposition 3.6),

e can be expanded to binary composition steps (cf. Proposition 3.7),
e is commutative in its binary variant (cf. Proposition 3.9),

e is associative in its binary variant (cf. Proposition 3.10), and

e ensures that branching bisimilarity with explicit divergence is a congru-
ence (cf. Proposition 3.12).

In the following section, we introduce an operator that allows for abstraction
in interaction systems.

3.2 Abstraction in Interaction Systems

As we mentioned in the introduction to this chapter, from a hierarchical
modeling perspective, an important aspect is the abstraction of information or
functionality that is not needed on higher levels. Here, we exploit the closed
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interactions (cf. Definition 2.3) for this purpose as such interactions become
unobservable in the global behavior and are not available for composition
because we required that only open interactions can be used as new and old
interactions (cf. Definition 3.4).

Thus, we use, similarly to a process algebra such as CSP [141] or CCS [200],
the concealment or hiding of interactions as a means of abstraction.

3.2.1 The Closing Operator

We define the closing operator as follows.

Definition 3.13 (Closing of Interactions): Let Sys be an interaction system
and [ be an arbitrary set. The closing of the interactions over Sys’s compo-
nent system contained in [ in Sys, denoted by Sys \\ I, is the tuple Sys \\ [ :=
(IMN\\ L {[[i] }iccomp) with IM\\ [ := (CS, Int, Intqoseq U (I N Int)).

Observe that only those elements of [ that are also interactions over Sys’s
component system are relevant for the closing operation. In Definition 3.13,
we stated that the new operator yields a tuple. Next, we show that this tuple
is an interaction system.

Proposition 3.14 (Closing Operator Validity): The tuple constructed by the
closing operator of Definition 3.13 is an interaction system.
A formal proof of Proposition 3.14 can be found in Appendix F on page 245.

As an example for the closing operator, we close the interactions that are
used between the customer and the management component of our running
example Sysymvs. We set:

I= { {abort., cancely, }, {ask., order, }, {buy., pay, }, {refund., reimburse,, } }

and Sysyivs \ I =: Sysl(\j}[%v[s. Figure 3.3 depicts the new interaction model.

refund, i reimburse,, printy
buy, paym reservey marks
c S
c;s_k_t __________ 51:d_e_1_,,, deliver,, ships
abort,! cancel ; release,, unmarks
i

Figure 3.3: The interaction model of interaction system Sysl(\i%v[s
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{deliver,,, ship } O T
T
. @/—\ {reserve,,, marks } .
T

{release,,, unmarks }

Figure 3.4: The reachable global behavior of interaction system Sysl(éﬂ)vls

From Sysl(\il)v[s’s global behavior, which is depicted in Figure 3.4, we see why
the closing operator is a means for abstraction: An outside observer cannot dis-
tinguish the (now) internal cooperation of the customer and management com-
ponent anymore. Observe that the composition with Sysl(vzl%v[s (cf. page 63) is

still possible since the interactions needed for this composition are open.

Next, we establish important properties of our closing operator.

3.2.2 Properties of Closing

First, we consider the interplay of the composition and closing operator, i.e.,
whether they can be used in combination. This question typically arises
when we have a composition of two interaction system and afterwards close
some of the interactions. Now, we want to know which of these to be closed
interactions can be handed over as a closing operation to the systems before
their composition, and how these interactions can be identified.

Proposition 3.15 (Localization of Closed Interactions): Let Sys(!) and Sys(?)
be two disjoint interaction systems, and let (I7,1~) be their composition
information with I+ C Intlpen < IntSakn, I~ C Intipen U Intim, and I~ C T+,
Further let [ be an arbitrary set whose elements, that are interactions over the
composed component system, should become closed after the composition.
For all subsets 1), /@) of [ with [) N {a € 24" |n e - v (3Bet:a=
BNAct) A a# @)} =@ fori=1,2holds

(Sys(l) o ® )Sys ) \ = (Sys \ i (Ig—) Sys(Z) \ f(2)) \ I

A formal proof of Proposition 3.15 can be found in Appendix F on page 245.
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We demonstrate the use of Proposition 3.15 by means of an example.

Example 3.16: Consider two disjoint interaction systems Sys(!) and Sys(®),
each with two components, the interaction sets nt) = {{a1 +Aa, az}} and
Int® = {{a3}, {a3, a4} }, and empty sets of closed interactions. The compo-
sition information of these systems is given by I = {{al, a», a3,a4}} and
[- =Q,ie, (IT,[7)is avalid composition information as required by Defini-
tion 3.4. Suppose that we now want to close all singleton interactions, i.e., we
set [ = {{a1},{as}}. According to Proposition 3.15, we now have for the two
subsets [V = {{a1}} and [®) = {{a3}} of  that

[Dn{ae22” |ael v ABel™a=BNAct) A a £Q)} =0

holds for i = 1,2 since the latter set of the intersection equals {{a1,a,}} for
Sys®M) and {{as,a4}} for Sys®. Thus, we can already close these interactions
in the respective subsystems before the composition step, i.e., we have (as
stated in Proposition 3.15):

(Sys(l) % SyS(Z)) \\ f— (SyS(l) \\ i ® SyS(Z) \\ f(2)) \\ I
(I+,1-) (.17

Next, we address the question whether branching bisimilarity with explicit
divergence is a congruence with respect to the closing operator. As mentioned
above for the similar question in case of the composition operator, such a
property is essential if we want to use the operator in reasoning about systems,
e.g., substitute behavioral equivalent system parts.

Proposition 3.17 (=4 is a Congruence w.r.t. Closing): Let SysM) and Sys® be
two interaction systems, and let I be an arbitrary set whose elements, that are
interactions over one of the component systems, should become closed.

If Sys() ~8 Sys® then Sys™M \ I~ Sys@\ 1.

A formal proof of Proposition 3.17 can be found in Appendix F on page 245.

We summarize the properties of the closing operator for interaction systems as
given by Definition 3.13. We showed about the closing operator that it

e yields a valid interaction system (cf. Proposition 3.14),
e integrates well with the composition operator (cf. Proposition 3.15), and

e ensures that branching bisimilarity with explicit divergence is a congru-
ence (cf. Proposition 3.17).

In the next section, we introduce an operator that allows to decompose an
interaction systems.
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3.3 Decomposition of Interaction Systems

The complement of a composition operator is a disassembling or decomposi-
tion operator. For interaction systems, such an operator has been defined by
several authors in order to consider a partial system or subsystem of a given
interaction system.

Historically, Gossler and Sifakis [121] define a so-called set of interacting com-
ponents in their original work that introduced interaction systems, which
restricts the interaction model to the components in the set by intersecting
all interactions with the action sets of the chosen components (and some ad-
ditional technical requirements). We find similar definitions for interaction
systems under a variety of notions such as an induced system [124, Defi-
nition 13], a projection operator for the global behavior [187, Section 2.2], a
projection operator for interaction systems [179, Definition 2], subsystems [184,
Definition 6], subsystem construction [160, Definition 4], or partial behavior
[162, Definition 3].

Here, we also introduce such an operator that allows for decomposing an
interaction system with respect to a set of components, which yields a sub-
system of the original system, hence the name subsystem construction operator.
It is important that such a subsystem is also a valid interaction system (with
respect to Definition 2.5). Furthermore, the operator should be usable in com-
bination with our composition and closing operator, i.e., the decomposition of
a system into two interaction systems should be re-composable to the original
system. We start out with formally defining our operator.

3.3.1 The Subsystem Construction Operator

We define the subsystem construction operator as follows.

Definition 3.18 (Subsystem Construction): Let Sys be an interaction system
and let C C Comp be a nonempty set of components. The subsystem of Sys
obtained by only considering the components in C, denoted by Sys[C], is the
tuple Sys|[C] := (IM[C], {[i] }icc) with

e IMI[C] := (CS[C], Int[C], Intqesed[C]),

o CS[C]:= (C,{Ai}iec) and Act[C] := Uicc Ai,

o Int[C]:={a €24 | 3B € Int: & = BN Act[C] A & # @}, and

o Intosed[C] := {a € Intgogeq | VB € Int: « C B = compset(B) C C}.

The set of open interactions is defined as Intopen [C] := Int[C] \ Intoseq [C].
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In Definition 3.18, we stated that the new operator yields a tuple. Next, we
show that this tuple is also an interaction system.

Proposition 3.19 (Subsystem Construction Operator Validity): The subsys-
tem construction operator of Definition 3.18 yields a tuple that is an interaction
system.

A formal proof of Proposition 3.19 can be found in Appendix F on page 246.

We demonstrate the subsystem construction operator by an application to our

running example. Consider again Sysl(\il)vls (cf. page 71), which we obtained

from the original merchandise management system Sysyms by closing all
interactions between the management and the customer component. We now
apply our new operator with respect to the set C = {m,s}, i.e., we want to
construct the subsystem consisting of the management and storage component,
which we call Sysﬁ%\ds. According to Definition 3.18, we get:

Syshas = Sysnaws [ {m, s3] = (M) [{m, s3], {[] }ic msy)
with IM® [{m,s}] = (CS®[{m,s}], nt® [{m,s}], It} [{m,s}]).

Here, the interaction model of the subsystem consists of the following items
and is depicted in the red box in Figure 3.5:

CSW[{m,s}] = ({m,s}, {Am As}),
nt®[{m,s}] = {{cancel,,}, {order,, }, {paym}, {printy}, {reimburse,, },

{deliver,,, ships }, { releasey,, unmarks}, { reserve,,, marks } },

Intglgsed [{m,s}] = {{printm}}.

i Il ;
refund, i reimburse,, : print,,
buy, Paym reserve, marks
C S
c;s_k_L __________ (;i:cie_r_,,, deliver,, ships
abort, i cancely, 1 release,, unmark
PRIV DRI i

Figure 3.5: The red box surrounds the components of the subsystem that corre-
sponds to the interaction system Sysl(\il)ws. Observe that an interaction crossing
the border of the box needs to be modified for the subsystem. Particularly,
if such an interaction is closed (depicted as a dashed line in the figure), the
modified version needs to be open in the subsystem.
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The reachable global behavior of Sysﬁ%vls is depicted in Figure 3.6. Interestingly,
the behavior of this interaction system, which is yielded by the subsystem
construction operator, seems to “contain” the behavior of the original system
up to relabeling (cf. Figure 2.5 on page 31), i.e., the behavior that is observable
in the original system is also observable in the subsystem.

{deliver,,, ships } ® T

{reserve,,, marks }

T

{pay m}

{reimbursey, }

{order,, }

{reserve,,, marks }

{cancel,, } {cancel,, }

G)
{release,,, unmarks } ~ {reimburse,, }

Figure 3.6: The reachable global behavior of interaction system Sysl(\i%\,ls

This “containedness” is sometimes referred to as being an over-approximation,
i.e., the behavior of the original system is approximated but additional be-
havioral branches are possible hence the name over-approximation. This
observation paved the way for several verification approaches that aim for ef-
ficiency, i.e., avoid the construction of the global behavior of the whole system.
As we already mentioned, we address such approaches in later chapters and
thus do not discuss the observation further at this point.

As for the previous operators, we continue with useful properties of subsystem
construction in the following section.

3.3.2 Properties of Subsystem Construction

First, we show that an interaction system is equal to the interaction system
yielded by the subsystem construction operator with respect to the set of
components contained in its component system. This proposition allows to
introduce subsystems when reasoning about a given interaction system.

Proposition 3.20 (Identity of Subsystems): Let Sys be an interaction system.
It holds that

Sys = Sys[Comp].

A formal proof of Proposition 3.20 can be found in Appendix F on page 247.
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We now want to relate the subsystem construction operator to the composition
operator. Interestingly, we only used the fact that all components participating
in a closed interaction are contained in the components of the subsystem
for the proof of Proposition 3.19. But, in the definition of the subsystem
construction operator (cf. Definition 3.18) we required that no interaction is
closed in a subsystem that is a subset of an interaction where components not
contained in the subsystem, i.e., they are contained in the original interaction
system, participate in. This requirement becomes important if we want to
compose subsystems of an interaction system and ensure that the composed
system is equal to an appropriate subsystem consisting of the union of the set
of components in the subsystems to be composed. The following proposition
establishes this idea.

Proposition 3.21 (Expansion of Subsystems): Let Sys be an interaction sys-
tem and let C;, C; C Comp be nonempty sets of components with C; N C, = @.
Further let Z¢, ¢, := (I(J{l ¢ 1c,c,) be the composition information between
the subsystems with I¢ - = {a € Int[C;UC] | i€ G Fj € Co: {i,j} C
compset(a) } and I ¢, := {a € Int[C;] U Int[Cy] | & ¢ Int[C; U Co]}. It holds
that

Sys[C1UCo] = (Sys[Gi] @ Sys[Ca]) \ Interosed[Cr U G-

C1.C2

A formal proof of Proposition 3.21 can be found in Appendix F on page 247.
We demonstrate the use of Proposition 3.21 by means of an example.

Example 3.22: Consider an interaction system Sys consisting of four com-
ponents each with a single action, i.e.,, Comp = {1,2,3,4} and A; = {a;}
for all i € Comp, and the interaction set Int = {{a1,a3}, {a2,a4}} and the
closed interaction set Infqesed = {{a2,44}}. Suppose we set C; = {1,2}
and C, = {3,4}, i.e.,, we consider the case Sys = Sys[C; U C]. According
to Proposition 3.21, we now have IC+1,C2 = {{a1,a3}, {az, a4} } and Ic.c, =
{{a1},{a2},{as}, {as}}. Observe that this composition information allows
us to reconstruct the original system but the set of closed interactions needs
to be adjusted since the sets of closed interactions of the subsystems Sys[C]
and Sys[C;] are empty (cf. Definition 3.18). Here, we have Infyseq[C1 U Co] =
{{az, a4} } which illustrates the correctness of the equation Sys[C; U C;] =
(Sys[Ci] ®1c, ¢, Sys[Ca]) \ Intaosed[C1 U Co] as in Proposition 3.21.

We further refine Proposition 3.21 such that the composition information
between the two subsystems after expansion is as small as possible, i.e., that
only components that cooperate with a counterpart in the other subsystem
are considered in the composition information.
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Proposition 3.23 (Identification of Cooperating Components): Let Sysbe an
interaction system and let C;,C; € Comp be nonempty sets of components
with C; N C; = @. According to Proposition 3.21, the system can be expanded
as follows:
Sys[C1 U Co] = (Sys[C1] ;8 Sys[Ca]) \ Inttciosed [C1 U Cal.
C1.C)

For any subsets C{ C Cy and Cé C G, of components that are only cooperating
with their corresponding superset—i.e., for the sets holds Vi,j € Comp Va €
Int: (ieC; NjeC = {i,j} € compset(a)) A (i€Ch AN jeC =
{i,j} ¢ compset(a))—holds

SyS[Cl U CZ] = (SyS[Cl] ® SyS[CZ]) \\ Intclosed[cl U CZ]'

cl\c{,cz\cé

where Z¢\¢/ c,\c; is defined as in Proposition 3.21.

A formal proof of Proposition 3.23 can be found in Appendix F on page 248.

For the previous two operators, we established that branching bisimilarity
with explicit divergence is a congruence with respect to them. As we already
mentioned, this is important in order to allow for the usage of these operators
in algebraic reasoning. However, for the subsystem construction operator we
cannot state a similar result, i.e., in general, branching bisimilarity with explicit
divergence is not a congruence with respect to the operator. The following
counterexample illustrates this issue.

Example 3.24: Consider the interaction systems Sys(") and Sys(?), both con-
sisting of the following component system: CS = (Comp, { A;}iccomp) With
Comp = {1,2}, A1y = {a1}, and A, = {a2}. The behavioral models of the
systems are also equal and consist for each component of a single initial state
and a self-loop labeled with the single action in each case, i.e., we have:

{ il }iccomp where [[i] = ({s?}, Ai, {{(s}, ) }a}, {s7}) fori =1,2.

The interaction models of the two systems are different. Here, we have:

MY = (CS,Int(l),Int(l) ) with Int() = {{a1,a2}} and ) = ),

closed closed

IM@ = (CS, Int@, Int?) ) with Int® = {{m} {a2}} and mt? = mt®),

closed closed

Thus, we have Sys®t) = (IMW, {[[i] }iecomp) and Sys® = (IM®), {[i] }iccomp)-

Now, consider the global behaviors of the systems. Clearly, we have Sys(!) Al
Sys(? since all interactions are closed and thus only a T-self-loop is observable.
However, if we now construct the subsystems with respect to component 1,
ie., SysM[{1}] and Sys?[{1}], we get SysV [{1}] #4 Sys? [{1}] because in
the former system we can observe an {a; }-self-loop and in the latter we still
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observe only a t-self-loop. The reason for this behavioral difference clearly
lies in the different interaction models, where in Sys(l) the closed interaction
where both components participate in cannot be closed in Sys()[{1}] since
the corresponding subsystem interaction {a; } is needed as an open interac-
tion if we want to compose the subsystems Sys(") [{1}] and Sys(V) [{2}] to get
SystW[{1} U {2}] = Sys'V (cf. Proposition 3.20).

Example 3.24 shows that in general, we cannot construct subsystems of arbi-
trary but branching bisimilar (with explicit divergence) interaction systems
and hope for equivalent subsystems. However, an interesting question is
whether additional requirements on the decomposition process exist such
that the equivalence becomes a congruence with respect to the decomposition
operator. From Example 3.24 we learned that we have to require at least
equal alphabets of the global behaviors of the corresponding subsystems, i.e.,
Intg},)en[{l}] = Int(%)en[{l}] in Example 3.24. Is this additional requirement
sufficient to show that branching bisimilar with explicit divergence is a con-
gruence with respect to the subsystem construction operator? Unfortunately,
the answer is negative as the following example shows.

Example 3.25: Consider the interaction systems Sys() and Sys(?), both con-
sisting of the following component system: CS = (Comp, { A;}iccomp) With
Comp = {1,2,3}, A1 = {a1,b1}, Ay = {ap, by}, and A3 = {b3}. The behavioral
models of the systems are equal and the labeled transition systems of the
components are depicted in Figure 3.7: [1] is given in Figure 3.7 (a), [2] is
given in Figure 3.7 (b), and [3] is given in Figure 3.7 (c).

a
aq a
S e -
b1 b2
(a) Behavior of component 1 (b) Behavior of component 2 (c) Beh. of comp. 3

Figure 3.7: Behavior of the components 1,2, and 3

The interaction models of the two systems are different:

MY = (Cs, It V) ) with Int() = {{a1,a2},{b1,b2,b3} } and

closed

IM® = (€S, nt®, 1ty ) with Int® = {{a1}, {ar}, {b1, b2, b3} }.

In both cases, all interactions are closed, i.e., we have Int(l) = It and

closed
Intﬁlzgsed = Int?. Thus, we have Sys!) = (IM(l),{[[i]]}ieComp) and Sys®?) =

(M, { [ }iecomp)-
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Now, consider the global behaviors of the systems. Clearly, we have Sys(!) A
Sys(? since all interactions are closed and thus only a T-self-loop is observable
if we compare the quotients. But, if we now construct subsystems with
respect to the set C = {1,2}, we get the following sets of interactions (cf.
Definition 3.18):

1ntV[C] = {{ay,a2}, {b1, b2} } and Int})_[C] = {{a1,a2}} and

closed
mt?[C) = {{m},{n2}, {by,bo} } and Ity [C] = {{m}, {2} }.

Observe that in both subsystems, the interaction {b1,b,} is not closed be-
cause its openness is needed for the re-composition with respect to compo-
nent 3. Now, although the labeled transition systems that correspond to the
global behaviors [Sys(")[C]] and [Sys'?[C]] are over the same alphabet, i.e.,
Intg;)en[C] = Intg%)en[C] holds, the two subsystems are not branching bisim-
ilar with explicit divergence. Figure 3.8 depicts the corresponding labeled

transition systems.

T
T T
@ >0 w0
{b1,b2} {b1,b2}
(a) Global behavior of Sys(!)[C] (b) Global behavior of Sys(?)[C]

Figure 3.8: Global behaviors of Sys()[C] and Sys®?)[C]

Clearly, there is an infinite path of T-transitions—formally, an infinite path
over (8, T3(2))—in [Sys®?[C]] (cf. Figure 3.8 (b)) which does not exist in
[SysM[C]] (cf. Figure 3.8 (a)), i.e., no relation over the state spaces can satisfy
Part 2.2 of Definition 2.15. Thus, we have Sys()[C] %2 Sys?)[C].

Thus, it is not sufficient to require that Int(()lp)en[C] = Intg%,)en[C] holds as an
additional requirement in order to show that branching bisimilarity with ex-
plicit divergence is a congruence with respect to the subsystem construction
operator. In order to establish this property, we have to strengthen the ad-
ditional requirements even more. But, Example 3.24 shows that requiring
IntMW[C] = nt?)[C] is also not sufficient. Thus, we have to use the strongest
requirement, i.e., that the two subsystems are in fact equal, which we do not
formally state here.

We summarize the properties of the subsystem construction operator for
interaction systems as given by Definition 3.18. We showed about subsystem
construction that it
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e yields a valid interaction system (cf. Proposition 3.19),

e yields an identical interaction system with respect to the set of all com-
ponents (cf. Proposition 3.20),

e integrates well with the composition and closing operator (cf. Proposi-
tions 3.21 and 3.23), and

e fails to ensure that branching bisimilarity with explicit divergence is a
congruence (cf. Examples 3.24 and 3.25).

This ends the introduction of our operators for interaction systems. In the next
section, we take a first look at correctness by construction.

3.4 Correctness by Construction

We already stressed the importance of approaches that support correctness
by construction. An interesting question for our composition operator with
respect to this approach is: Under which assumptions is the composition of
two interactions systems automatically correct if the two systems are correct?
Here, we derive a first result regarding deadlock-freedom.

3.4.1 Deadlock-Freedom Preserving Composition

We show that the composition of two deadlock-free interaction systems yields
a deadlock-free (composite) interaction system if we restrict the composition
information in a certain way. However, a simple relaxation of this result
already fails as we discuss in the following.

But first, we motivate the idea behind this result. If we have two interaction
systems that are both deadlock-free, we know that in all reachable states of
these systems at least one interaction is enabled. Thus, if we compose the
systems and want to preserve the property of deadlock-freedom, we have
to ensure that the original interactions are still enabled in the corresponding
composite states. The following theorem formalizes this idea.

Theorem 3.26: Let Sys(!) and Sys® be two disjoint interaction systems, and
let (I, ") be their composition information with It C Int&,)en D Intg))en and
I~ = @. If both Sys(!) and Sys(® are deadlock-free and Ya € IT 38 <

mtM Iy e nt@: o = B U1, then Sys(l) Q(1+,1) Sys(z) is deadlock-free.

A formal proof of Theorem 3.26 can be found in Appendix F on page 249.
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An important consequence of the above result is that if we can decompose a
system in such a way that the recomposition only contains new interactions
(with the additional assumption of Theorem 3.26), then we can also verify only
the subsystems with respect to deadlock-freedom and the deadlock-freedom
of the composed system follows. For instance, if there are interactions {a;},
{b;}, and {a;, b;} of components i and j, then we can consider the subsystems
Sys[{i}] and Sys[{j}] since for their composition, the set I~ is empty and
all new interactions in the composition can be split into two interactions
contained the subsystems.

However, a simple relaxation of the assumptions already fails, e.g., if we allow
that interactions are removed or the new interactions are not restricted as in
Theorem 3.26. We show the failure of the latter idea by a small example.

Example 3.27: We consider two interaction systems Sys(!) and Sys(?) that
both consist of two components, i.e., we have Comp") = {1,2} and Comp? =
{3,4}. For all components i, where 1 < i < 4, we have A; = {a;,b;}. The
interaction models of the systems are depicted in Figure 3.9 (a) (without the
green-colored new interaction between components 2 and 3), i.e., we have
It = {{a1,a2},{b1, b2} } and Int®@ = {{as,a4},{b3,bs} }. The local behav-
ior of all components is depicted in Figure 3.9 (b): Each component first wants
to execute its a-action and then its b-action.

(a) Interaction models and the composition information (b)Beh.ofi,1<i<4

Figure 3.9: Example illustrating a false relaxation of Theorem 3.26

Obviously, both systems are deadlock-free. Now, we compose the systems
with the following composition information: We set I = {{a,a3}} and
I~ = @. The new interaction is also depicted in Figure 3.9 (a) as a green line.
Observe that the tuple (I, ) is a valid composition information with respect
to Definition 3.4.

However, if the composed interaction system now executes the new interaction
{a, a3} inits global initial state (s, s9, s3, s$)—observe that the new interaction
is enabled—the next global state is (s(l], s%, s%, sg). But now, we reached a
deadlock because each component wants to execute a different interaction in

this global state.

Thus, the composition introduced a deadlock although the two systems were
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originally deadlock-free. This explains the additional requirement about the
new interactions that is included in Theorem 3.26. Note that this requirement
does not hold for this example since the new interaction cannot be split into
two interactions that were originally present in the systems.

Example 3.27 shows that more sophisticated methods are needed if the coop-
eration of the components is complex. We already mentioned that we consider
such methods in following chapters of the thesis.

In the next section, we discuss how the operators can be used in algorithms
and whether their application can be carried out in polynomial time.

3.5 Algorithmic Treatment of the Operators

Algorithms that construct new interaction systems with respect to an applica-
tion of one of our three operators can be implemented straightforwardly: We
only need to adjust the sets that define an interaction system (cf. Definition 2.5).
Clearly, these operations can be carried out in polynomial time in the size of
the input interaction system or the sum of the systems’ sizes in case of the
composition operator.

However, there is one task that we need to address before a composition,
viz. the question whether the provided composition information is valid.
Remember that for 1 given pairwise disjoint interaction systems Sys() where
1 <i<mnatuple (I",I") is provided and we need to check, as required
by Definition 3.4, whether [T C Inté},)en D .. D Intgf,)en, I- C Intgi,)en U...u
Int(g’;)en, and I~ C I' holds. The latter two questions can be answered in
polynomial time by looping trough the corresponding sets and checking for
inclusion. The first one is a little bit more involved because if we compute
the whole powerset interjoin with respect to Definition 3.2 and check for set
inclusion, the check is not guaranteed to be polynomial in the size of the input,
which here are the 7 interaction systems and the composition information.
But, we can analyze the set I in a more direct way: We partition each new
interaction with respect to the global action sets of the n interaction systems
and check for each partition whether it is a subset of an interaction of the
corresponding interaction system. We give an algorithm for this procedure in
Appendix B and here refer to Algorithm B.4, which shows that the validity of
set I can be checked in polynomial time.

Thus, we can use the three operators without the danger of a hidden exponen-
tial explosion such as a global behavior computation, which is, e.g., hidden in
the property checks of Chapter 2. Next, we take a look at related work.
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3.6 Related Work

In the previous sections, we already mentioned the related work regarding
interaction systems, e.g., the composition operator of Gossler and Sifakis [121]
that we discussed at the beginning of Section 3.1. A similar operator is defined
by Gossler et al. [124, Definition 15] that we shortly discuss and compare with
our operator (cf. Definition 3.4), although the authors also use the concept
of complete interactions, which, as discussed at the beginning of Section 3.1,
renders the operator incompatible with our definition of interaction systems.
First, the binary operator of Gossler et al. [124] only allows to introduce new
interactions that are the union of interactions already present in one of the
two systems given as the parameter. Second, all interactions that are already
present in one of the systems remain available. This allows to establish a
correctness-by-construction approach that is similar to our Theorem 3.26 but
makes the operator incompatible with any decomposition technique where a
decomposition operator is introduced by the authors under the name induced
system [124, Definition 13], i.e., if a system is decomposed into two distinct
parts with respect to a partition of the set of components, then the composition
operator of Gossler et al. [124] cannot be used to (re-)construct the original
system. Thus, if we neglect the complete interactions as discussed at the end
of Section 2.1.2, our composition is a generalization of the one proposed by
the authors.

We take a look at other models of concurrency and component-based systems.
In the work on process algebra we can find some similarities, although the
operators are typically binary, i.e., only allow for the composition of two
systems/processes. The composition operator of CCS [200] is only defined for
binary synchronizations that become unobservable after the composition step,
i.e., it cannot be extended to allow for multiway synchronizations. In CSP [141],
this problem is overcome by allowing multiway synchronizations but over
actions with the same name which yields an inflexible approach with respect
to component-based development. In ACP [37], there is a communication
function that maps the pairs of actions that can interact to a certain action, i.e.,
the function also allows multiway synchronizations. Although this function
solves the naming problem of the CSP operator, the operator is still binary
with respect to the number of processes. Similar observations have been made
by Aldini and Bernardo [6]. As we mentioned in Section 2.1.4 of Chapter 2,
the concept of multiactions and the combination of the composition and allow
operator in the process algebra mCRL2 [131] is an exception to this list.

Some authors build on top of a process algebra a more component-oriented
way of composition. For instance, Bernardo et al. [39] define a composition
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operator in the process algebra associated to their PADL architecture descrip-
tion language. The operator is parametrized with a set of actions that happen
synchronously in two systems, i.e., the same name is used to identify these
parts. However, this operator is not used directly, i.e., in PADL the whole
specification is translated into a process (cf. our discussion in Section 2.1.4)
where the binary, left-associate composition operator of the process algebra
is used to describe the overall system. However, many fresh labels need to
be introduced since synchronization takes place over actions with the same
name, similarly to CSP as mentioned above.

Similarly, in the formal semantic model of Java/A [137], a composition of two
I/0O transition systems takes place by a synchronization on identical input and
output labels. Here, the composition operator is associative which allows for
an extension to multi-ary composition, but again relabeling has to take place
to synchronize on the ports. In this setting, similar properties as addressed for
our operators are provided for I/O transition system [137, Section 2.2].

We already mentioned several related works regarding our subsystem con-
struction operator at the beginning of Section 3.3. These further operators for
interaction systems mainly differ with respect to the underlying interaction
model. Similarly, our closing operator is comparable to hiding operators of
process algebras such as, for instance, concealment in CSP [141]. Moreover,
other component-based formalisms provide related ideas, e.g., in PADL [39],
as already mentioned in Section 2.1.4 of Chapter 2, interactions can be declared
as architectural interactions or local interactions where the latter are no longer
available for further compositions.

In the next section, we summarize the chapter and give some additional
remarks.

3.7 Summary and Remarks

In this chapter, we saw how interaction systems allow for hierarchical model-
ing and that correctness by construction can be achieved under strong require-
ments. We introduced three operators that are similar to operators typical
found in process algebra and showed that these operators play well together
and are reasonably defined, e.g., branching bisimilarity with explicit diver-
gence, which is our chosen equivalence relation for interaction systems (cf.
Definition 2.15), is a congruence with respect to the composition and the
closing operator.

We want to point out that we did not address hierarchical modeling over
several levels, i.e., we did not introduce an encapsulation technique that
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allows to consider an interaction system as a component which looses the
build-up of the underlying system. However, our operator also allows for
such multiple levels if the composition information of each step is recorded
and kept during following composition steps, i.e., the system is not considered
as a whole interaction system but as several applications of our composition
operator with hierarchical levels of parentheses, e.g., we always keep the
left-hand side of Definition 3.4 instead of only the right-hand one.

Finally, we can also interpret the set of all interaction systems together with
our composition operator (in its binary version) as a mathematical algebraic
structure, viz. a semigroup, because our composition operator is associa-
tive (cf. Proposition 3.10)—if we neglect the automatic parameter adjust-
ment. We can also turn this semigroup into a monoid by defining an ap-
propriate identity element Sys,; such that for all valid interaction systems
Sys holds: Sys ®(r+-)Sys;y = Sys with I" = @ and I~ = @. This iden-
tity or neutral element corresponds to the empty interaction system, i.e.,
Sys,y = (((2,90),0,0),D), which is valid with respect to Definitions 2.1, 2.3,
and 2.5 because we allow an empty set of components. However here, we
do not formally define and prove the above claims; instead, we take a look at
architectures for interaction systems in the next chapter.
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Chapter 4

Architectures

In this chapter, we introduce restrictions on the way the components in an
interaction system are allowed to cooperate, which we call architectural con-
straints or simply architectures. Historically, such architectures in interaction
systems were introduced by Majster-Cederbaum and Martens [179] as a line
of attack to overcome the complexity of deadlock detection that arises if we
have to analyze the global behavior of an interaction system—remember the
PSPACE-completeness of the decision problem whether a system is deadlock-
free discussed in Section 2.3.1—and were successfully exploited to establish
the property of deadlock-freedom in polynomial time in several works on
interaction systems [160-162, 179, 180].

The idea behind such constraints for deadlock detection can be illustrated as
follows: If we have three components client;, client;, and server, and the clients
cooperate only with the server and never directly with each other, it could be
sufficient to analyze the cooperation of the components server and client; and,
independently of the first analysis, the cooperation of server and client,. Since
the two clients do not cooperate directly, we potentially can then conclude the
deadlock-freedom of the whole system by the analysis of the cooperation of
small system parts. In doing so, the overall architecture enables us to find the
systems parts we have to analyze.

We want to point out that authors working with other formalisms also ad-
dressed architectural constraints [39, 49, 137], which we also discuss in this
chapter. Often, architectures arise naturally when client-server situations as
mentioned above or hierarchical structures are studied [2, 146, 221], e.g., the
connection diagram of processes constructed with the subordination operator
in CSP always forms a certain architecture [141, Section 4.5.2]. Related ideas
can be found in the concept of architectural styles of architecture description
languages [3, 6, 110, 242] that employ design patterns to maintain flexibility
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and comprehensibility of a software system—early approaches can be traced
back to work by Dijkstra [91], Brooks and Iverson [52], and Parnas [223], see
the book of Bass et al. [28, Section 2.7] for an overview.

In the following sections, we want to take a closer look at how such architec-
tural constraints can be defined and checked in an automatic way. We want
to focus on their formal definition, the question of how efficiently a given
interaction system can be inspected, and the computational complexity of the
decision problems discussed in Chapter 2 restricted to the class of interaction
systems satisfying a certain architectural constraint.

In general, such constraints or restrictions are a well-known line of attack
in the world of computational complexity and sometimes even allow for
tremendous reductions of complexity, e.g., if we restrict the clauses in the
3-satisfiability problem, which is NP-complete [74], to be of length two, we
get the 2-satisfiability problem which is known to be solvable in linear time
[99]. However, although such restrictions do not always guarantee a reduction
of complexity, they still offer new lines of attacking a computationally hard
problem. For instance in graph theory, a lot of problems are NP-complete, e.g.,
existence of a Hamiltonian path or finding a maximum independent set [108,
pages 199-200 respectively 194-195], but the restriction to a certain class allows
for the application of clever approximation algorithms although the problem
remains NP-complete in this class, e.g., Baker [25] derives an approximation
algorithm for finding a maximum independent set in planar graphs but the
problem in this class is still NP-complete [108, pages 194-195].

As we learn in this chapter, this is also the case for the architectural constraints
considered in this thesis. But, these constraints allow for new lines of attack,
whose discussion is presented in Chapters 5 and 6.

Before we formally define what we mean by an architecture and architectural
constraints, we introduce a further example interaction system that follows us
through the remainder of the thesis as our second running example.

4.1 A Further Example Interaction System

We introduce an interaction system Syspg(n) representing a database and
n users, i.e., the system models a database server and a fixed number of
clients that are allowed to read and write to the database. In order to avoid
inconsistencies if one of the clients wants to write, the database provides a
locking mechanism that ensures that read requests are not answered once a
client is granted writing access and starts to write. Additionally, all clients
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are informed about the data change and a global commit among the clients
ensures the consistency with any local data. After this commit, the database
performs an internal backup step; however, an appropriate backup component
is not part of the example. Here, we consider n clients with the property that
client i with 1 <i < n is able to write up to w; times in a row (because of local
memory constraints), i.e., the client can decide how many times it wants to
write to the database as long as this number does not exceed w;. Thus, the
database, which we call d, allows for an arbitrary number of write operations
but at least one has to be performed if a client is granted write access.

We define the interaction system Syspg(n) where n € IN'\ {0} as:
Comp ={d,1,...,n},
Ay = {backup,, commity, grant,, informy, select;, update, },
A; = {commit;, process;, read;, request;, wait;, write; } for 1 <i < n,

Int=|J {{granty, request;}, {informg, wait;}, {process;}, {selectg, read;},
1<i<n

{updatey, write;} } U {{backupy}, {commit,, commity, ..., commit,} },
I”tclosed = {}

Observe that we fully specified Syspg(n)’s interaction model with respect to
Definition 2.3. Figure 4.1 depicts this model for n = 2.

processy process;
requesty requesty

commity commity commity

Figure 4.1: Interaction model of the database example Syspg (1), depicted for
n = 2. Overlapping interactions are not connected by default, only if there is a
tiny connection dot as for the commit interaction.

We complete Syspg(1)’s specification by giving its behavioral model (cf. Def-
inition 2.5). The labeled transition systems for the components are given in
Figure 4.2 on the following page where Figure 4.2 (a) depicts the behavior
[d] of the database component d and Figure 4.2 (b) the behavior [[i] of client
component i with 1 < i < n. Note that we assume for each labeled transition
system [i]] that the maximal number of consecutive write operations of client i
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is known as w; € IN and that w; > 1 holds for all 1 < i < n. Furthermore,
for each [[i] as depicted in Figure 4.2 (b) we assume that if w; = 1, then the
depicted states s and s} coincide and the depicted state s?’iﬂ is not contained
in the set of states (although state s? is still contained in spite of w; + 1 = 2).
Similarly for w; = 2, the depicted states s; and s? coincide as well as the states

! and s?. Finally, for w; = 3 the depicted states s!" and s? coincide.

select select

granty

backup,
updatey

commit : :

informgy, update, (w; — 3) times write;

(a) Behavior of component d (b) Behavior of component i with1 <i <n

Figure 4.2: Behavior of the components of interaction system Syspg ()

We postpone a detailed analysis of Syspp (7). We only want to mentioned that
the reachable global behavior of the example already contains more than one
million states and roughly fifteen times more transitions for n = 15 clients!
and each w; = i. Thus, even this simple example suffers from state space
explosion as discussed in Section 2.2 for relatively small parameters.

We continue with the formal definition of architectural constraints.

4.2 Architectures of Interaction Systems

Typically, architectural constraints are based on graphs that represent the un-
derlying cooperation structure of an interaction systems. In the following, we
use common notation from graph-theory which we included in Appendix A
for convenience.

4.2.1 Component-Based Architecture

We already mentioned in the introduction of this chapter that various authors
studied architectural constraints that are based on the underlying cooperation

IThe exact numbers are 1753 104 states and 27 787 745 transitions. Note that for n > 23 there
are more than one billion reachable states and over 25 billion transitions.
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structure. This cooperation structure is typically defined by means of an
undirected graph where the vertices represent the components and edges
exist between any cooperating components, e.g., the architecture of Majster-
Cederbaum and Martens [179] is defined this way and also the notion of an
architectural topology by Hennicker et al. [137]. Here, we define the component
graph of an interaction system in the same way.

Definition 4.1 (Component Graph): The component graph Geomp := (V, E) of
an interaction system Sys is defined by the set of vertices V = Comp and the
set of edges E = {{i,j} € 2" | Ja € Int: {i,j} C compset(«)}.

As an example for the component graph of an interaction system, we consider
again our running example Sysynvs and its extended version Sysl(\?[%v[s (defined
on page 24 and page 64 respectively). The corresponding component graphs
of the systems are depicted in Figure 4.3.

C m S
L —)—) (2} —(])
C m S 2 2
(a) Component graph of Sysymvs (b) Component graph of Sysl(\i%v[s

Figure 4.3: Component graph of the merchandise management example

Since we are interested in considering interaction systems that have a particu-
lar architecture, we now define two constraints by means of the component
graph: the star-like and the tree-like architecture. First, we define star-like
architectures as follows.

Definition 4.2 (Star-Like Architecture): An interaction system Sys has a star-
like architecture if its component graph Geomp = (V, E) is a star in the graph-
theoretical sense, i.e., it is connected and 3m € Comp VC € 2Comp . C ¢
E = m € C holds. Component m of the existential quantification is
called the middle component of Sys and all other components are called border
components of Sys.

Second, we define tree-like architectures.

Definition 4.3 (Tree-Like Architecture): An interaction system Sys has a tree-
like architecture if its component graph Geomp = (V, E) is a tree in the graph-
theoretical sense, i.e., it is connected and |E| = |V| — 1 holds. The components
whose vertex representation is contained in the center of the component graph,
ie, alli € Comp withi € center(Geomp), are called central components of Sys.
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Observe that Sysyvs has a star-like architecture (cf. Figure 4.3 (a)) where
component m is the middle component and components ¢ and s are border
components. Moreover, 5]/51(\?11)\/15 has a tree-like architecture (cf. Figure 4.3 (b))
where component s is the only central component. But, 53/51(\/311)\/{5,5 architecture
is not star-like. Obviously, any interaction system with a star-like architecture
also has a tree-like architecture, e.g., Sysyvs’s architecture is also tree-like
where component m is the central component. Thus, a tree-like architecture

can be seen as a generalization of a star-like architecture.

Both definitions imply that the cooperation structure is acyclic. The intuition
behind considering acyclic structures is that in such systems, the presence of
circular waiting situations and hence potential deadlocks is reduced. Such
requirements of acyclicity exist for many formalisms under various names,
e.g., acyclic topologies [137], acyclic architectural types [39], tree networks [49],
or tree-like architectures [179]. As mentioned in the introduction, we postpone
the exploitation of these architectures to the following chapters.

We want to point out that a tree-like architecture can only be present if all
interactions are binary. Otherwise, we find at least three components such
that the corresponding vertices in the component graph form a triangle in
the graph-theoretical sense, i.e., a simple cycle of length four according to
Definition A.8. The database example introduced at the beginning of this
chapter illustrates this issue: Figure 4.4 (a) depicts its component graph for
an arbitrary number of clients and Figure 4.4 (b) for two clients. Observe that
every vertex lies on a simple cycle.

1 2

(a) Component graph for arbitrary n (b) The same graph for n = 2

Figure 4.4: Component graph of interaction system Syspg(n)

This drawback clearly lies in the definition of the component graph. Note
that, for instance, the tree networks of Brookes and Roscoe [49] face the same
problem.

Thus, in order to allow for multi-ary interactions on the one side, but still be
able to constrain the architecture, we take a look at the cooperation structure
of the components.
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4.2.2 Cooperation-Based Architecture

We already mentioned the typical drawback of acyclic architectures in the
previous section: All cooperations must be binary. However, interaction
systems allow for multiway cooperation, which facilitates a very compact and
more convenient modeling in many situations since the restriction to binary
cooperations typically blows a concrete modeling up in an unnecessary way,
e.g., intermediate coordination states are introduced to mimic a multiway
synchronization in a binary way.

For this reason, Majster-Cederbaum and Martens [180] extended their notion
of a tree-like architecture to be able to deal with multiway cooperations in the
setting of interaction systems. They defined a special graph—called cooperation
graph? in the following—in which vertices represent all sets of components
that are able to cooperate and whose graph-theoretical property of being a tree
defines tree-like interaction systems [180]. To be more precise, the cooperation
graph consists of two types of vertices where one type represents each compo-
nent as a singleton. The other type models any (partial) cooperation situation
among the components, i.e., for any two interactions there is a vertex repre-
senting the set of components participating in both of them. Thus, all vertices
are sets of components, and now, the edges correspond to a set containment
relation among these sets, i.e., possible cooperation situations that are related
with respect to the set of participating components. Furthermore, two vertices
u and v where one set is contained in the other, say u C v, are only adjacent if
there is no further vertex w that lies in between, i.e., u C w C v does not hold.
The intuition behind this requirement is that as few edges as possible should
be contained in the graph for the following reason: Multiway cooperations can
be dealt with as long as the graph stays acyclic. Indeed, if we have u C w C v
for three vertices (and no further set represented as a vertex lies in between)
the edges connecting 1 with w and w with v already contain the information
which cooperation situations are related and a further edge between u and v
would introduce a cycle without adding useful information. Now, we define
the cooperation graph as follows.

Definition 4.4 (Cooperation Graph): The cooperation graph Geoop := (V, E) of
an interaction system Sys is defined by the set of vertices V = V; U V, where
Vi = {C 20 | |IC| =1} and Vo = {C € 2°" | Ja,B € Int: C =
compset(a) N compset(B) A C # @} and the set of edges E = {{u,v} € 2V |
ucCov N VweViuCw = w ¢ v)},ie, there is an edge between
two vertices if one is a proper subset of the other and no other vertex lies in
between these two sets with respect to set containment.

2The graph is called “interaction graph” by Majster-Cederbaum and Martens [180].
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As an example for the cooperation graph of an interaction system, we consider
again our running example Sysyvs, its extended version Sysl(\;o’ﬂ)vls, and the
database example Syspp(#). The corresponding cooperation graphs of the
systems are depicted in Figures 4.5, 4.6, and 4.7 respectively. Please note that
component and cooperation graphs can be distinguished in our graphical
representation by the vertices: In the former, the vertices correspond to the
components, and in the latter, they are sets of components.

{c} {c,m} ({m}) {m,s} {s}

Figure 4.5: Cooperation graph of interaction system Sysymvs

Figure 4.6: Cooperation graph of interaction system Sysﬁ%ws

(a) Cooperation graph for arbitrary n (b) The same graph forn =2

Figure 4.7: Cooperation graph of interaction system Syspg(n)

Observe that the graph-theoretical structure of the architecture has not changed
much for Sysymus and Sysl(\i%ws, they both still have a tree-like architecture (if
we define a corresponding architectural constraint based on the cooperation
graph). However, the architecture of Syspg(n) is now more structured (if we
compare Figure 4.4 (a) with Figure 4.7 (a)), and it is striking that the vertex rep-
resenting component d is the only one that lies on a simple cycle—remember
that previously every vertex (or component respectively) lay on a simple
cycle.

As mentioned above, Majster-Cederbaum and Martens [180] required that the
cooperation graph is acyclic, and they call interaction systems satisfying this
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architectural constraint “tree-like”. Before we formally define an architectural
constraint on the basis of the cooperation graph, we give an example that
illustrates a tree-like interaction system as understood by Majster-Cederbaum
and Martens [180].

Example 4.5: We consider interaction system Syspi, (1) for n = 3, that was
introduced in Example 2.7 on page 32. Here, the three components 1, 2, and 3
represent the three bits of a binary counter. We construct the system’s com-
ponent graph (cf. Definition 4.1) and its cooperation graph (cf. Definition 4.4).
These graphs are depicted in Figure 4.8.

1 3
(a) The component graph (b) The cooperation graph

Figure 4.8: Component and cooperation graph of interaction system Sysp;, (3)

Observe that Syspin (3)’s component graph is not acyclic and thus the interac-
tion system does not have a tree-like architecture as required by Definition 4.3.
However, its cooperation graph is acyclic and the interaction system is hence
tree-like in the sense of Majster-Cederbaum and Martens [180].

We continue with a novel architecture that is based on the cooperation graph.
As already mentioned in Chapter 1, we drop the acyclicity requirement and ad-
mit certain cycles. We define this new architectural constraint as follows.

Definition 4.6 (Disjoint Circular Wait Free Architecture): An interaction sys-
tem Sys has a disjoint circular wait free architecture if its cooperation graph
Geoop = (V,E) is connected and if it holds that on all simple cycles in Geoop at
most one vertex v € V correspond to a singleton, i.e., |v| =1, or is an element
of V; respectively. The components whose vertex representation lies on such a
simple cycle are called cycle components of Sys, i.e., the components i € Comp
with {i} € cycle(Geoop) (cf. Definition A.8).

Definition 4.6 can be motivated in the following way with respect to deadlock-
freedom: For ensuring freedom from deadlock, we have to consider any way
the components are able to cooperate. Clearly, the possibility of deadlocks
involving several components is reduced if circular waiting situations among
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the components are reduced. Since the components are also related in the
cooperation graph, the superimposition of potential waiting situations and the
cooperation information could allow us to exclude those waiting situations
where the reason of each single wait is completely independent from the other
ones, and hence reduce the possibility that deadlocks exist. Here, the vertices
of the graph represent all possible cooperation sets, i.e., any vertex whose size
is greater than one indicates a possible (partial) cooperation. For instance,
consider interaction system Syspg(2) and its cooperation graph depicted in
Figure 4.7 (b): If component 1 waits for component d, d waits for 2, and
2 waits for 1, the graph tells us that no cooperation situation exists that is
independent of d, i.e., we cannot find three waiting situations where the reason
of each single wait is completely independent from the other ones. As we see
in Chapter 6, the exclusion of the above mentioned waiting situations then
allows for the establishment of a condition for deadlock-freedom of the whole
system by an analysis of only small system parts.

But, let us return to the architecture of our example interaction systems.
Clearly, Sysyvs and Sysl(\;o’[%\,ls have a disjoint circular wait free architecture
since no simple cycle is contained in the corresponding cooperation graphs
(cf. Figure 4.5 and Figure 4.6 respectively). The set of cycle components is
therefore empty for both systems. Obviously, any interaction system with a
tree-like architecture also has a disjoint circular wait free architecture. Thus,
a disjoint circular wait free architecture can be seen as a generalization of a
tree-like architecture. For the database example Syspg(#), we already men-
tioned above that component d is the only one that lies on a simple cycle (cf.
Figure 4.7 (a)). Thus, on all simple cycles in the cooperation graph at most
one vertex corresponds to a singleton and the system has a disjoint circular
wait free architecture. Note that the database example is not tree-like in the
sense of Majster-Cederbaum and Martens [180] because its cooperation graph
contains a simple cycle.

We give an additional example in order to further illustrate disjoint circular
wait free architectures.

Example 4.7: We modify our running example Syspg(n) and allow for an
additional synchronization among all clients, which yields interaction system
SyspB-sync(1) that is depicted in Figure 4.9 on the facing page. Each client
component i is equipped with a further action sync; that is employed as a self-
loop in the initial state (cf. Figure 4.9 (a) where we depicted the case w; =1
for convenience). The additional interaction {syncy,...,sync, } models the
synchronization among all clients and is added to Syspg(n)’s interaction set—
which we call Intpg in Figure 4.9. The behavior of the database component d
is not modified, i.e., we use the same behavior as depicted in Figure 4.2 (a).
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(a) Behavior of componenti,1 <i <n (b) Cooperation graph for n = 2

Figure 4.9: Inter. system Syspp gync (1) with Int = {{syncy, ..., sync,}} UIntpg

Now, consider Syspp-sync(1) with n = 2 and its cooperation graph depicted
in Figure 4.9 (b): If component 1 waits for component d, d waits for 2, and
2 waits for 1, the graph tells us that the components could be waiting in a
row such that the reason of each single wait is completely independent from
the other ones. As discussed above, such a situation is excluded by a disjoint
circular wait free architecture—which is not present in Syspp.sync (2) because
its cooperation graph contains a simple cycle where more than one vertex
representing a component lies on (cf. Definition 4.6).

This ends our introduction of architectures for interaction systems. In the next
section, we consider how the architecture of a given interaction system can be
determined in an automatic and efficient way.

4.3 Determining an Interaction System’s Architecture

Architectural constraints are only useful if we can determine whether a given
interaction system satisfies the constraint in an efficient way, i.e., in our case
in polynomial time. If this inspection is more costly and we plan to exploit
it for property verification, it should not be the case that a direct approach
as, for instance, discussed in Chapter 2 is more efficient than the check for an
architecture.

We omit here to give algorithms for computing the component and cooperation
graphs since they can be straightforwardly implemented. For the latter one,
we give an algorithm in Appendix B (cf. Algorithm B.5) for self-containedness
because we need to refer to this algorithm in the sequel.

However, we shortly want to discuss the sizes of the two graphs with respect
to a given interaction system Sys (because we need them as input in the
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following). The size of a component graph Geomp = (V, E) is | V| = |Comp| and
|E| < (|C”2mp ) < |Comp|? because it is possible that every pair of components
cooperates. For the cooperation graph Geoop = (V,E) with V. = V; U V5 (cf.
Definition 4.4) we have: V4| = |Comp| and |Va| < (") < |mnt|? since the
vertices in V; are constructed by considering all pairs of interactions (and their
sets of participating components). Thus, we have |V| € O(|Int|*> + |Compl|).
Since an undirected graph consists of at most (“2”) edges, we can conclude that
|E| € O(|Int|* + |Comp|?) holds. Thus, both graphs have a polynomial number
of vertices and edges with respect to the given interaction system.

4.3.1 Checking for Star-Like and Tree-Like Architectures

Star- and tree-like architectures can be detected very efficiently. For checking
whether an architecture is star-like, we simply have to compute the union and
the intersection of all edges of the component graph. The union has to be equal
to the set of vertices and the intersection has to contain a single vertex, which
is the middle component, if there are more than two components, otherwise
the intersection can contain two components if there is one edge.

For checking whether an architecture is tree-like, we have to check whether
the component graph is connected and whether the number of edges minus
one equals the number of vertices [89, Corollary 1.5.3]. This can be carried out
in linear time by a depth-first search starting at an arbitrary vertex [76, Sec-
tion 22.3]. The central components (cf. Definition 4.3) can also be computed in
linear time if the graph is a tree in the graph-theoretical sense, cf. Section 7.2.1
of the book of Wu and Chao [264].

Summarizing, both the check for a star-like and a tree-like architecture can be
carried out in polynomial time in the number of components and interactions.
The check for a disjoint circular wait free architecture is a little bit more
involved but can still be checked efficiently as we discuss in the following
section.

4.3.2 Checking for Disjoint Circular Wait Free Architectures

In the following, we show how we can determine whether a given interaction
system has a disjoint circular wait free architecture in polynomial time in the
number of components and interactions.

Let Geoop = (V,E) be the cooperation graph of an arbitrary interaction system
Sys. We assume that Geoop is connected which can efficiently be determined as
discussed in the previous section—otherwise, i.e., if Geoop is N0t connected, the
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architecture cannot be disjoint circular wait free (cf. Definition 4.6). In order to
check whether Goop satisfies our architectural constraint of disjoint circular
wait freedom—recall that on every simple cycle in Geoop at most one vertex v
with |v| = 1 may occur—we model this question as a network flow problem.
Such a network is usually build upon a directed graph which is similar to an
undirected graph (cf. Definition A.5) but the edges are tuples contained in
the Cartesian product of the set of vertices, i.e., for the set of edges E’ holds
E' C V' x V' where V' denotes the set of vertices. We refer the reader to the
book of Ford and Fulkerson [104, Chapter 1] or to the book of Cormen et al.
[76, Section 26.1] for a formal definition of flow networks.

Now, we define the directed graph G’ = (V', E’) on the basis of Geoop With

V' ={ovpn|v e V}U{vou |vEV}
El - {(Uin/ Uout) | (/NS V} U {(Uoutz win)/ (wout/ vin) | {Uz w} S E}

and the capacity function c¢: E' — IN with ¢(e) = 1foralle € E'.

For a pair of vertices s,t € V with |s| = |t| = 1, i.e,, the vertices represent
two of Sys’s components in the cooperation graph, we now consider the flow
network N = (G, Sin, fin, Cs+) Where si, is the source, tiy, is the sink, and ¢ ¢
is the same capacity function as ¢ except that the capacity of the edge (Sin, Sout)
is increased by one, i.e., ¢s((Sin, Sout)) = 2.

The idea behind this flow network is that if we find a certain maximum flow
in N;;, we can conclude the existence of a certain simple cycle in Goop- This is
formalized in the following lemma.

Lemma 4.8: Let Goop be a cooperation graph of an interaction system Sys and
let i,j € Comp be two components. There is a simple cycle in G¢oop 0N which
the corresponding vertices {i} = s and {j} = t lie if and only if a maximum
flow of value 2 exists in the associated flow network N;; = (G, Sin, tin, Cst)-

A formal proof of Lemma 4.8 can be found in Appendix F on page 250.

Lemma 4.8 offers a convenient way to determine whether a given interaction
system obeys to our architectural constraint. We proceed with our database
example to demonstrate this way. Figure 4.10 on the following page depicts
the primed version of the cooperation graph of Syspp () for two clients (cf.
Figure 4.7 (b) for the original graph).

In order to check for a disjoint circular wait free architecture, we now need to
consider the source-sink pairs ({d}in, {1}in), ({d}in, {2}in), and ({1}in, {2}in)
in each case in an appropriate network where the capacity between the source
and the (unique) successor vertex is set to two. Running these network flow
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—{{d, i —({d, 1} out] {d, 2}out)—{{d, 2}in J——

b} —{{d)ou)

Figure 4.10: The transformation of the cooperation graph of the database
example Syspp(n) for n = 2 (cf. Figure 4.7 (b)) into a flow network. All edges
have the capacity of 1. For a particular check, two “in” vertices are designated
as source and sink respectively and the capacity of the edge connecting the
source with the corresponding “out” vertex is increased by one.

computations yields that our example has a disjoint circular wait free architec-
ture since we can refute the existence of any simple cycle where two vertices
representing components lie on.

Of course, not all pairs have to be considered as described above. Any com-
ponent vertex that has only one neighbor in the cooperation graph cannot
be part of a simple cycle, e.g., for Syspg(n) we do not need to compute any
network flows since all vertices representing components except the vertex
representing d have only one neighbor (cf. Figure 4.7 (a)). Thus, no appropriate
simple cycle can be found in this cooperation graph.

We summarize our findings and the procedure for an arbitrary interaction
system in the following theorem.

Theorem 4.9: Let Sys be an interaction system and let Geoop be its cooperation
graph. Sys has a disjoint circular wait free architecture if and only if for all
unordered pairs of components i, j € Comp, whose vertex representations in
Geoop have at least two neighbors, it holds that no maximum flow of value 2
exists in the associated flow network Ny, (1.

A formal proof of Theorem 4.9 can be found in Appendix F on page 251.

Thus, we can also apply Theorem 4.9 for interaction system Syspg(#) and con-
clude that it has a disjoint circular wait free architecture without any network
flow computation. Nevertheless, we provide a heuristic if the situation is
not as simple as for Syspg(n). In the treatment of pairs, we should start with
vertices that have many neighbors since these are more likely to be part of
simple cycles. This is helpful, since once we identified such a pair, we can
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stop the search for any other pairs of vertices representing components and
report that the interaction system in question does not satisfy our architectural
constraint.

We analyze the costs of an application of Theorem 4.9. Here, we omit to
give an algorithm that implements this application but refer the interested
reader to Algorithm B.6 given in Appendix B. In the following, let n = |V|
denote the number of vertices of the cooperation graph Geoop and m = |E| the
number of its edges. Since every vertex is doubled for the directed version
G' = (V',E') of Geoop, we get |V'| = 21, and thus |V’| € O(n). Similarly, since
every edge is also doubled and an edge between the “in” and “out” version of
a vertex is introduced, we get |E'| = 2m 4 n. Because we assumed that Goep is
connected, we know that m > n — 1 holds. Thus, we have |E'| € O(m).

Since all edges in the flow network have integral capacities, we can use the
well-known Ford-Fulkerson algorithm [103] to find a maximum flow. Its
runtime is O(M - F) where M is the number of edges in the network and F
is the value of a maximum flow, since an augmenting path can be found in
time O(M) and such a path increases the flow by at least one. A proof of this
upper bound can be found in Section 26.2 of the book of Cormen et al. [76].
Best to our knowledge, this bound is still optimal if the flow value is treated
as a parameter. We want to mention work by Karger and Levine [153] that
show how the augmenting path computation can be speeded up in case the
network is based on a sparse undirected graph. But for our application of flow
networks, we currently do not know how we can show the existence of the
two distinct paths in the proof of Lemma 4.8 in an undirected network.

Here, this yields an upper bound for a maximum flow determination of O(m)
for a particular network N;; because |f| < 2 for any flow f in N;;—cf. the
proof of Lemma 4.8. Since there are maximal (|C02mp |) unordered pairs of
vertices representing components in a cooperation graph, the total running
time is bounded by O(|Comp|? - m).

In order to express this bound in terms of the input size, we need to determine
the maximal number of edges that a cooperation graph can have, which we
already did above at the beginning of Section 4.3. There, we found out that
the number of edges is bounded by O(|Int|* 4 |Comp|?). Thus, a rough upper
bound of the check for disjoint circular wait free architectures is O(|Comp|? x
|Int|* + |Comp|*), which is polynomial in the size of the input (which is our aim
throughout the thesis). Although this bound seems very high, the cooperation
graph is much smaller in case the interaction system has a disjoint circular
wait free architecture and we have to perform a flow computation for all pairs
of components that have more than one neighbor. Otherwise, i.e., if the system
does not have a disjoint circular wait free architecture, one flow computation
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finding a flow of value two is sufficient which is reasonable if we start with
pairs of components that have many neighbors.

Finally, we take a look at how the cycle components of the architecture can be
determined (cf. Definition 4.6). We use the concept of “bridges” of a graph,
which are edges whose removal destroys the connectivity of a given connected
graph. An important observation with respect to cycles is that an edge is a
bridge if and only if it does not lie on a simple cycle (cf. [76, Chapter 22] or [89,
Section 1.4]). Thus, to get to know the cycle components, we simply need to
remove all bridges in the cooperation graph and then look for all vertices that
represent a component and still have more than one incident edge. Fortunately,
Tarjan [251] gives an algorithm for finding all bridges in time O(|V| + |E|).
Here, we refer to Appendix B where we give an algorithm that computes the
set of cycle components in linear time (cf. Algorithm B.7).

This completes the algorithmic treatment of our architectural constraints. We
are now ready to use these constraints as requirements for interaction sys-
tems in order to exploit the additional structure, that is introduced among the
cooperations, to derive efficient verification techniques. Before we dive into
such techniques, which we postpone to the following chapters, we examine
whether an architectural constraint has an effect on the computational com-
plexity of a decision problem as mentioned in the beginning of this chapter.
We begin with our coarsest architectural constraint, viz. disjoint circular wait
free architectures.

4.4 Classifying Disjoint Circular Wait Free Architectures

In the previous sections, we learned that the determination of the architecture
of an interaction system can be carried out very efficiently. A natural question
that arises now is whether non-constrained or arbitrary interaction systems
are more powerful or more computationally complex than, e.g., systems with
a disjoint circular wait free architecture?

In this section, we provide a linear-time transformation for arbitrary interac-
tion systems that modifies the cooperations in such a way that the resulting
interaction system has a disjoint circular wait free architecture and exhibits
isomorphic behavior (up to transition relabeling, cf. Definition 2.18), i.e., the
behavior is in fact identical from a verification point of view.

The existence of such a transformation has two important consequences. On
the one hand, it shows that the class of interaction systems with a disjoint
circular wait free architecture provides a starting point for new verification
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techniques since if we want to verify a property of an arbitrary interaction
system and only know ways to tackle this problem by constructing the global
state space, then we can transform the system into one with a disjoint circular
wait free architecture, and potentially, the new cooperation structure offers a
line of a attack that does not rely on constructing the global state space.

On the other hand, the transformation allows us to show that computational
complexity results for arbitrary interaction systems also hold in systems hav-
ing a disjoint circular wait free architecture. For instance, Majster-Cederbaum
and Minnameier [183] provide various complexity results for decision proce-
dures of properties of interaction systems and, as we discuss in the following,
all of them also hold for the class of systems with a disjoint circular wait free
architecture.

We proceed as follows: First, we present the transformation and show that
it can be performed in linear time and that it yields an interaction system
which has a disjoint circular wait free architecture and which has isomorphic
behavior up to transition relabeling. Second, we deal with the complexity
issues implied by this result.

4.4.1 Transforming Interaction Systems To Ensure A Disjoint Cir-
cular Wait Free Architecture

Let Sys be an arbitrary interaction system. Assume that x is a component
that is not part of Sys, i.e.,, x ¢ Comp and Ay N Act = @, and that has one
action freshy, i.e., Ay = {fresh,}. Further, we choose for each component i of
Sys a fresh action that we denote by fresh; in each case, i.e., we require that
fresh; & A; for alli € Comp.

We construct an interaction system Sys’ in the following way: We set Comp’ =
Comp U {x}, Al = A; U {fresh;} for all components i € Comp, A\, = Ay, Int’ =
{a U {freshy} | a € Int} U {{freshy, fresh;} | i € Comp}, and Int.) .q = {a U
{freshy} | & € Intgoseq }, i-€., we add x and its action set as a new component,
add a fresh action to the action set of every component in Comp, add x’s
action fresh, to every interaction, introduce new interactions that consist of the
action fresh, of the new component and the fresh action fresh; of a component
i € Comp in each case, and adjust the set of closed interactions. Similarly, we
take over all labeled transition systems for the behavioral model of Sys’ and
add for component x a labeled transition system that consists of one initial
state s) with a self-loop labeled by fresh,. In particular, a new action fresh; is
not employed in the local behavior [i]] for all i € Comp.

As an example for the transformation, consider interaction system Syspp.sync ()
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that was specified in Example 4.7 on page 96. The cooperation graph of this
system is depicted in Figure 4.9 (b) for n = 2 (cf. page 97) and shows that
SYSDB-Sync (2) does not have a disjoint circular wait free architecture. If we now
apply our transformation, the cooperation graph becomes the one depicted in
Figure 4.11, which shows that the transformed system has a disjoint circular
wait free architecture.

Figure 4.11: The cooperation graph after transforming Syspg-sync(2)

Next, we show that this result holds for all interaction systems, i.e., the trans-
formation always yields a systems with a disjoint circular wait free architecture.
In the following, we denote a transformed interaction system as the primed
version of the original one, e.g., Sys becomes Sys’.

Lemma 4.10: Let Sys be an arbitrary interaction system. Applying our trans-
formation yields an interaction system Sys’ that has a disjoint circular wait
free architecture.

A formal proof of Lemma 4.10 can be found in Appendix F on page 251.

We proceed by showing that our transformation yields isomorphic (up to
transition relabeling) global behavior (cf. Definition 2.18). Since our trans-
formation also introduces new interactions that do not occur in the original
interaction system, we have to restrict the alphabet of the global behavior of
the transformed system. We provide an argument in the proof of the following
lemma that this restriction does not affect the isomorphism.

Lemma 4.11: Let Sys be an arbitrary interaction system. Applying our trans-
formation yields an interaction system Sys’ such that the global behavior [Sys]|
is isomorphic up to transition relabeling to [Sys']] if we restrict the alphabet of
[Sys'] to those interactions that do not merely consist of fresh actions.

A formal proof of Lemma 4.11 can be found in Appendix F on page 252.



4.4 Classifying Disjoint Circular Wait Free Architectures 105

We summarize the properties of our transformation in the following theorem
and also prove that the transformation can be performed in linear time.

Theorem 4.12: An arbitrary interaction system can be transformed in linear
time into an interaction system with a disjoint circular wait free architec-
ture such that the behavior of the new system is isomorphic up to transition
relabeling to the behavior of the original one.

A formal proof of Theorem 4.12 can be found in Appendix F on page 253.

In the next section, we discuss complexity issues that are implied by the above
result.

4.4.2 Complexity Issues

An important consequence of the existence of the transformation presented
above is that most decision problems have the same complexity for the class of
arbitrary interaction systems and the class of systems with a disjoint circular
wait free architecture. For instance, Majster-Cederbaum and Minnameier
[183] entitled their paper “Everything Is PSPACE-Complete in Interaction
Systems”, and with our transformation, we can extend their various results to
the class of interaction systems with a disjoint circular wait free architecture.
Note that also the problems of detecting deadlocks and livelocks as introduced
in Chapter 2 fall into this category.

We formalize this consequence in the following corollary where we assume
that a decision problem in question is closed under the isomorphism of Defi-
nition 2.18. For the interesting properties such as deadlock-freedom, this is
no restriction at all since those are closed under isomorphism up to transition
relabeling.

Corollary 4.13: Let a decision problem for the class of (arbitrary) interaction
systems be given that is closed under isomorphism up to transition relabel-
ing. The problem is linear-time many-to-one reducible to the same decision
problem for the class of interaction systems with a disjoint circular wait free
architecture. Thus, these problems belong to the same complexity class (if the
class is closed under linear-time many-to-one reducibility).

A formal proof of Corollary 4.13 can be found in Appendix F on page 253.

Corollary 4.13 allows us to determine the complexity of several decision
problems for interaction systems with a disjoint circular wait free architecture.
Since the complexity class PSPACE is closed under linear-time many-to-one
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reductions, we can state that, e.g., deadlock-freedom is PSPACE-complete
for interaction systems with a disjoint circular wait free architecture because
deadlock-freedom is PSPACE-complete in (arbitrary) interaction systems as
discussed in Section 2.3.1. For more decision problems in interaction systems,
we refer the reader to the work of Majster-Cederbaum and Minnameier [183]
and to Section 2.3 of this thesis.

Finally, we conclude that ‘everything’ is PSPACE-complete in interaction
systems obeying to the architectural constraint of disjoint circular wait free-
dom. In the next section, we take a similar look at the other two architectural
constraints, viz. tree- and star-like architectures.

4.5 Classifying Tree- and Star-Like Architectures

We can naturally ask whether we can also classify tree- and star-like archi-
tectures in a similar way as in the previous section. Unfortunately, a strong
classification as for interaction systems with a disjoint circular wait free ar-
chitecture is not known, i.e., we do not know whether the verification of all
reasonable properties in, say, interaction systems with a tree-like architecture
has the same computational complexity as in systems with a non-constrained
or disjoint circular wait free architecture.

However, some work has been done in this direction. Majster-Cederbaum
and Semmelrock [185] discuss a reduction from deciding whether a quantified
boolean formula is true (or not) to the question whether a certain global
state is reachable in a specially crafted interaction system that has a tree-
like architecture. Since the former problem is PSPACE-complete [108, pages
171-172], this reduction establishes the PSPACE-hardness of the reachability
question. Now, this reachability question can be used to also show that
the decision problem of deadlock detection is PSPACE-hard in interaction
system with a tree-like architecture, although this is not explicitly shown in the
cited paper. In order to prove this claim, one has to show that the presented
construction yields a deadlock-free interaction system, which can be ensured
by adding a singleton interaction containing an action that is added as a self-
loop to each state of one of the components, and then add a deadlock—which,
of course, also involves the previously modified component—that is reachable
if and only if the quantified boolean formula in question is false, i.e., the
deadlock is only present in the reachable part of the global behavior if the
formula does not hold. Then, if one can decide the deadlock-freedom of this
system, one can also decide the satisfiability of the formula. Together with the
algorithm that decides deadlock-freedom in polynomial space in interaction
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system (cf. Section C.1), the PSPACE-completeness of deadlock detection in
interaction systems with a tree-like architecture follows. Moreover, the authors
show that the computational complexity of the decision problem whether a
certain component is able to make progress (cf. Section 2.3.4) is PSPACE-com-
plete in interaction systems with a tree-like architecture by adjusting their
reduction for reachability that we mentioned above.

We want to point out that this illustrates the benefit of our isomorphism result
(cf. Theorem 4.12 and Corollary 4.13) for disjoint circular wait free architec-
tures, since otherwise, we have to search for reductions for each property
in question as it is currently the case for interaction systems with a tree-like
architecture. It is thus a challenging and interesting question whether a similar
isomorphism result—or a weaker one with respect to, say, bisimilarity—can
be derived for the other architectural constraints as well.

Another way of attacking this question is to identify the finest architecture and
prove complexity results for this case—where it is not clear what is considered
to be the finest architecture. Nevertheless, this idea can be justified as follows:
Clearly, a system with a star-like architecture also has a tree-like architecture
and also a disjoint circular wait free one. Thus, if the decision problem for
a certain property is, say, PSPACE-complete for interaction systems with a
star-like architecture, then this result carries over to the other architectures
because the respective classes of interaction systems are strictly included
in each other. In this direction, Majster-Cederbaum and Semmelrock [186]
show that the decision problem whether a certain global state is reachable is
PSPACE-complete in interaction systems with a star-like architecture, which
then also shows (or supports) the corresponding decision problems for the
other architectures. However, one still has to find suitable reductions for each
property in question.

Here, we do not further address these complexity issues because we want to
continue with the exploitation of architectural constraints to derive efficient
verification techniques. But before that, we take a look at related work on
architectures.

4.6 Related Work

We already mentioned above that several authors defined architectural con-
straints with respect to their formalisms similarly to our component graph
(cf. Definition 4.1), e.g., acyclic topologies in the semantic model of Java/A by
Hennicker et al. [137], acyclic architectural types in the architecture description
language PADL by Bernardo et al. [39], or tree networks in the context of the
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process algebra CSP by Brookes and Roscoe [49]. For interaction systems, we
already discussed the tree-like interaction systems of Majster-Cederbaum and
Martens [179, 180].

As mentioned in Chapter 1, the importance of the modularity and structure
of software systems was already emphasized by Dijkstra [91], Brooks and
Iverson [52], and Parnas [223] in the 1970s. Some of these ideas are similar
to our interpretation of architecture, for instance, Brooks and Iverson [52]
consider the notion of architecture as the “conceptual structure of a computer

. as seen by the programmer.” The work on software architectures as de-
sign patterns for structured software development such as the concept of
architectural styles in architecture description languages [3, 6, 110, 242] go
beyond our interpretation but have the same foundation on a certain level
of abstraction. For instance, Garlan and Shaw [110, Section 3] write that a
common framework to view architectural styles graphically leads to “a view
of an abstract architectural description as a graph in which the nodes represent
the components and the arcs represent the connectors” which is similar to
our component graph. But, these styles go beyond stipulating topological
constraints, such as being acyclic, on a system’s architecture, e.g., they also
allow for assigning roles to the component. As an example, in the blackboard
architectural style [110, Section 3.5] a central component has the task to col-
lect knowledge from computing entities called knowledge sources that do
not interact directly. While this corresponds to a star-like architecture in our
setting, this style also requires that the blackboard triggers the computing
entities if new data is collected, i.e., it can be clearly distinguished from a
traditional database. Here, the architectural style also assigns special roles to
the components which we did not address in our treatment of the architecture
of interaction systems.

Thus, software architecture can embrace more than the cooperation structure.
We conclude with the definition of software architecture by Bass et al. [28,
Chapter 3] who write: “The software architecture of a program or computing
system is the structure or structures of the system, which comprise software
elements, the externally visible properties of those elements, and the relation-
ships among them.” This definition is at the level of our interaction system, i.e.,
it also includes the components which are called software elements. However,
if we consider interaction systems together with the architectural constraints
of this chapter, we have a formal model for software architectures that is in
line with this definition.

This ends our discussion of architectures for interaction systems. In the
next section, we summarize the chapter and address some ideas for future
work.
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4.7 Summary and Future Work

In this chapter, we introduced the concept of architectures for interaction
systems by means of architectural constraints. We showed that detecting
whether a certain constraint holds for a given interaction system can be carried
out efficiently, i.e., we can use the detection algorithms as a pre-processing
step in the following without loosing our goal of polynomial-time approaches.
Moreover, we learned that restricting interaction systems to satisfy one of
our constraints does not affect the computational complexity of property
verification, in particular for the property of deadlock-freedom. However, as
we see in the following chapters, the architectural constraints offer lines of
attacking these hard problems by means of sufficient conditions that imply the
property under additional assumptions that can be checked efficiently.

We already pointed out some directions for future work, e.g., the classification
of star- and tree-like architectures should be more researched on: Maybe there
is a way of transforming an arbitrary interaction system into one with a tree-
like architecture in a behavior preserving way. We can also extend the idea
of a disjoint circular wait free architecture: Currently, we require that on each
simple cycle at most one component vertex occurs. This could be extended
to a notion of k-disjoint circular wait freedom such that we allow for up to k
component vertices to be present on simple cycles. Then, we can potentially
exploit this situation by only needing to analyze the global behavior of sets of
components of size k.

Furthermore, we can extend our composition operator of Chapter 3 to be
sensitive for architectures. For instance, if we have two interaction systems
with a tree-like architecture and require that their composition with respect
to a given composition information also has a tree-like architecture, special
composition rules could establish this property in a convenient way, i.e.,
without constructing the component graph of the composite interaction system.
Such rules could, e.g., restrict the composition information by only allowing
new interactions that are compliant to the architectural constraint.

In the next chapter, we consider how we can use the structure implied by
architectural constraints for efficient property verification in interaction sys-
tems.
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Chapter 5

Compositional Reduction

In the previous chapter, we introduced architectural constraints for interaction
systems, viz. star-like, tree-like, and disjoint circular wait free architectures.
However, we also learned that these architectural constraints do not affect
the computational complexity of property verification in general (although
their presence can be checked in polynomial time), e.g., only requiring that
an interaction system has a tree-like architecture does not help to show its
deadlock-freedom efficiently without additional assumptions, because decid-
ing whether an interaction system is deadlock-free is PSPACE-complete for
both, interaction systems with a tree-like architecture and non-constrained
interaction systems (cf. Section 4.5).

In this chapter, we consider such additional assumptions. Here, we do not
focus on a certain property, instead we are interested in—as the title of this
chapter already reveals—compositional reduction. The idea can be summa-
rized as follows: We want to identify certain components in a given interaction
system that we can safely ignore in future verification steps because they nei-
ther affect the global behavior of the system, nor do they alter the validity
of system properties in question, i.e., they are non-interfering for the given
interaction system. In order to identify such components, we require that
the interaction systems satisfies one of our architectural constraints and that
certain equivalences between the behavior of certain system parts, which are
accessible with our subsystem construction operator, hold. In Chapter 2, we
chose branching bisimilarity with explicit divergence as our “working” equiv-
alence for interaction systems (cf. Definition 2.15) and thus any equivalence of
this chapter is also of this type.

We proceed with a discussion of our running example Sysyivs, the merchan-
dise management system, in order to illustrate the main idea for such a reduc-
tion approach.
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{deliver,, } ®
T
T
T
(5)
{release,, } O

Figure 5.1: Global behavior of interaction system Sysyms[{m, ¢ }] \ Tnc
5.1 The Idea behind Compositional Reduction

Consider again our running example Sysynvs and suppose we want to reduce
the system by exploiting equivalences to identify non-interfering components
as mentioned above. The reduction should ensure that if a property (such
as deadlock-freedom) holds in the reduced version, then it also holds in the
original system. We showed in the previous chapter that the architecture
of Sysmws is star-like (cf. Definition 4.2 and Figure 4.3 (a)), i.e., we have the
management component as the middle component and the customer and
storage component as two border components.

A first idea to identify non-interfering components is to check whether the joint
behavior—that can be obtained via subsystem construction—of the middle
component and a border component affects the behavior of the middle compo-
nent, i.e., we want to check whether the border component is non-interfering
and can be ignored. Of course, we have to abstract from the cooperation of the
middle and the border component since in the system that consists only of the
middle component, no such cooperation can be observed—simply because
the cooperation partner is not part of this system.

Regarding our running example, we thus build the two interaction systems
Sysmms {11, ¢} \ Inc and Sysymvs[{m}] \\ In,c where the set [, contains all
interactions that are used for cooperation of m and c and all actions of m that
are used in such an interaction as singletons, i.e., we have:

e := (Int[{m,c}] \ Int[{m}]) U{a € nt[{m}] | 3B € Int[{m,c}]: « C B}
= { {abort., cancely, }, {ask., order,, }, {buy., pay, }, {refund., reimburse, },
{cancel,, }, {order,, }, {paym }, {reimburse,, } } .
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{deliver,, } ® T

T, {deliver,, } g

{reservey, }

{release,, }

Figure 5.2: Global behavior of interaction system Sysymvs[{7}] \\ T.c

The global behaviors of the two systems are depicted in Figure 5.1 and Fig-
ure 5.2 respectively. If we now want to get rid of the border component rep-
resenting the customer in a property preserving way, we can check whether
these two systems are equivalent, i.e., whether

Sysnams [ {1, 1\ e 24 Syswivis[{m}]\ Ene

holds. Note that if this equivalence holds, any property that is preserved by
branching bisimilarity with explicit divergence and that holds in the system
of the left-hand side also holds in the system of the right-hand side, i.e., the
customer component does not influence the “interesting” behavior of the
management component.

But, from the comparison of the labeled transition system in the figures, we al-
ready see that this is not the case because we cannot find an equivalent state for
the sixth state of [Sysyivs[{m}] \ [nc] (cf. Figure 5.2). To put it differently, the
global behavior of the interaction system that consists of only the management
component satisfies the CTL*-X formula ® = E(—{reserve,, } U {deliver,, }), i.e.,
[Sysnms[{m}] \ In.c] = @, but the other system that consists of the manage-
ment and the customer component does not, i.e., [Sysyvs[{72, c}] \ L] = @.
Note that we found a CTL*-X formula that separates the systems and accord-
ing to De Nicola and Vaandrager [85], they thus cannot be divergence sensitive
branching bisimilar which implies that they are also not branching bisimilar
with explicit divergence (cf. Section 2.4), i.e., we have

Sysmms[{m, ¢} \ Tme %5 Sysmms[{m 3]\ -

Thus for our running example, the first idea does not yield a reduction of the
system. But, let us examine why the idea failed. We learned above that the
customer component influences the observable behavior of the management



114 5 Compositional Reduction

{deliver,, ships } O T
T
, marks
. @/_\ {reserve,,, marks} :
T

{release,,, unmarks }

Figure 5.3: Global behavior of interaction system Sysyms[{m,¢,s}] \\ T

component (in their joint behavior) such that it is unable to offer its deliver
action before offering its reserve action. Interestingly, this restriction is not
a restriction at all when we take a look at the cooperation partner for these
actions: the storage component indeed requires that its mark action is used
before it offers its ship action (cf. Figure 2.4 (b)). Since the corresponding
interactions are exactly {deliver,,, ships} and {reserve,,, marks}, we can try to
further exploit this situation by checking whether the customer component
has an influence on the cooperation of the management component and the
storage component.

Here, we combine the above constructed systems Sysyps[{7, c}] \\ In,c and
Sysvms[{m}] \\ [nc with the storage component via our composition operator
and re-check their equivalence, i.e., we check whether

Sysnams [ {71, ¢} \ Te @ Sysmus[{s}] 2 Sysams[{m}] \ Tne ® Syswmis[{s}]

m,s m,s

holds where Z,,s = (I}, I, ) is the composition information between the
management and the storage component with

Lis = {a € Int[{m,s}] | {m,s} C compset(«)}

= {{deliverm, ships }, {release,,, unmarks}, {reserve,,, marks}} and
Iy = {a € nt[{m}| UInt[{s}] | « & Int[{m,s}]}

= {{deliver,, }, {marks}, {release,, }, {reservey, }, {ships}, {unmark} }.

Observe that the sets I,/ and I, ; are defined as the sets IC+1 c, and Ic o
respectively for C; = {m} and C; = {s} of Proposition 3.21. We can thus
apply this proposition—since the sets of closed interactions of the two systems
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Figure 5.4: Global behavior of interaction system Sysymvs[{72,5}] \ [

are equal—and check whether the equivalence

Sysavis[ {1, 6,3\ e 2 Sysnaus[{m, 53]\ Fuc

holds, which is equal to the check where we use the composition operator.
The global behaviors of the two systems are depicted in Figure 5.3 and Fig-
ure 5.4 respectively. Observe that in the sixth state of [Sysyivs[{71,5}] \ T.c]l,
the management component is unable to execute its deliver action since its
cooperation partner, viz. the storage component, does not offer the corre-
sponding ship action, i.e., the interaction {deliver,,, ship, } is not enabled in this
state—which was the reason why our first idea failed.

Now, these systems are branching bisimilar with explicit divergence, which is
established by the following equivalence relation (cf. Definition 2.15):

R={(°0), (', £), (%, 1), (°, ), (!, 1), (°, ), (1, 1)}

where r denotes the states of [Sysyvs[{m, ¢, s}] \ [nc] (cf. Figure 5.3) and t of
[Sysnms[{m, s}] \ [nc] (cf. Figure 5.4), i.e., we have

Sysams[{m, ¢, 8]\ Tne ~5 Sysns[{m, 53]\ Tne-

Note that this behavioral equivalence can be understood as a reduction of the
system, since for any property regarding Sysyms \ [,c we can now answer the
validity question by looking at Sysypvs[{m,s}] \ [ as long as the property is
preserved by branching bisimilarity with explicit divergence, e.g., all CTL*-X
formulae.

For instance, if we want to ensure that the management component does not
execute its deliver action before its reserve action (as corresponding interac-
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tions seen from an initial state), we can verify the CTL*-X property
Y = A(F {deliver,,, ships} = —{deliver,, ship } U {reserve,,, marks})

in the system Sysyivs[{11,5}] \ [n.c. Since [Sysvms[{n1,5}] \ ] = ¥ holds,
we can conclude that also [[Sysyms \\ [nc]] = ¥ holds.

Of course, we have to admit that by checking the equivalence that leads to the
reduction, we computed the global behavior of our running example since
Sysmms = Sysmms|[{m, ¢, s}] (cf. Proposition 3.20). As mentioned throughout
this thesis, this computational should be avoided if we aim for efficient verifi-
cation algorithms. But, as we elaborate in this chapter, we use this idea, viz.
to check whether a border component influences the behavior of the middle
component with respect to any other border component, to establish a compo-
sitional reduction technique that can be applied efficiently, i.e., we restrict the
equivalence checks to systems consisting of at most three components.

Furthermore, we also have to admit that we silently assumed that for all ac-
tions of the middle component it holds that they are only used for cooperating
with one border component, i.e., all actions are used exclusively with respect to
one cooperation partner. This assumption is satisfied by our running example
but before we generalize the approach sketched above, we define this special
property, which we call exclusive communication, in the next section.

5.2 Exclusive Communication

As mentioned in the previous section, the partition of the set of actions of a
component with respect to its cooperation partners is a feature that allows for
compositional reduction, i.e., the actions of the middle component that are
used for cooperation with a certain border component can only be abstracted
if such an action is not used for cooperation with other border components. In
other words, every action of every component is only contained in interactions
where exactly the same set of components participates in.

Regarding interaction systems, such a property was introduced by Majster-
Cederbaum and Martens [179] and called “exclusive communication”. Their
definition is dependent on the architecture of the system, viz. a tree-like one,
but this dependence is not really needed and therefore, we re-define their
notion in an architecture-independent way as follows.

Definition 5.1 (Exclusive Communication): Let Sys be an interaction system.
Sys is said to have exclusive communication if for all «, B € Int witha N p # @
we have compset(x) = compset(p).
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Note that Majster-Cederbaum and Martens [180] also changed their version in
an architecture-independent variant, but strengthened the requirement such
that every action of every component is only used in exactly one interaction.
This variant is called “strongly exclusive communication” and defined as
follows.

Definition 5.2 (Strongly Exclusive Communication): Let Sys be an interac-
tion system. Sys is said to have strongly exclusive communication if for all
a, B € Int witha #= BwehaveaNp = Q.

As we already mentioned in the previous section, the running example interac-
tion system Sysyvs has exclusive communication and since all actions occur in
exactly one interaction, the system also has strongly exclusive communication.
Next, we illustrate the difference between these two notions of exclusiveness
by an example.

Example 5.3: Consider an interaction system Sys consisting of three compo-
nents, i.e., Comp = {1,2,3}, each with an arbitrary local behavior, and the
following action sets: A; = {a1}, A» = {ap, b2}, and A3 = {a3}. We now
consider six different interaction models for this system where the interaction
sets are given in Table 5.1 and the set of closed interactions is empty in each
case.

No. Interaction Set Int Excl. Comm. Strongly Excl. Comm.
1 {{a, a2}, {a1,a3}, {b2}} no no
2 {{a1,a2},{a1}, {b2, a3} } no no
3 {{m,a2,a3},{a1,b,a3}} yes no
4 {{m, a2}, {m, b2}, {a3}} yes no
5 {{a1,a2},{bs, a3} } yes yes
6  {{m} {a2}, {02}, {a3}} yes yes

Table 5.1: Demonstrating exclusive communication: The six different sets of
interactions show different cooperation scenarios of the three components.

First, note that each interaction model is valid with respect to Definition 2.3.
For each model, we have determined whether the respective system satisfies
exclusive communication and/or the strong variant. If a system does not
satisfy one of the notions, i.e., there is a “no” in the corresponding cell of
the table, the first two interactions can be set as the interactions « and B of
Definitions 5.1 and 5.2 respectively.
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From Example 5.3, we already see that if we have strongly exclusive communi-
cation, we also have exclusive communication. Of course, this directly follows
from the definition, but we nevertheless fix this observation as the following
proposition.

Proposition 5.4: Let Sys be an interaction system. If Sys has strongly exclusive
communication, then Sys also has exclusive communication.

A formal proof of Proposition 5.4 can be found in Appendix F on page 254.

Next, we deal with the issue of absence of exclusive communication.

5.2.1 Ensuring Exclusive Communication

Example 5.3 shows that interaction systems exist that do not satisfy exclusive
communication initially. It is thus an interesting question how we can en-
sure this property for arbitrary interaction systems. Majster-Cederbaum and
Martens [179, 180] illustrate such techniques for their variants of exclusive
and strongly exclusive communication.

Since the variant of (non-strongly) exclusive communication is defined in an
architecture dependent way, i.e., Definition 5.1 does not occur in the literature,
we here elaborate on the technique to ensure exclusive communication as
required by Definition 5.1.

The main idea to ensure exclusive communication of an interaction system is
to replace all actions in a certain interaction by actions that are superscripted
with the set of components that participate in the interaction (similar to the
technique presented by Majster-Cederbaum and Martens [179]). Addition-
ally, all transitions where those actions occur must be modified in the local
behavior of the components. In the following, we refer to such an algorithm
as EXCLUSIVE(Sys) for a given interaction system Sys. A pseudocode imple-
mentation can be found in Appendix B as Algorithm B.8 which shows that we
can ensure the property in polynomial time.

Next, we show that the result of the algorithm is indeed an interaction system
with exclusive communication.

Lemma 5.5: Let Sys be an interaction system. Applying Algorithm B.8 yields
an interaction system EXCLUSIVE(Sys) that has exclusive communication.
A formal proof of Lemma 5.5 can be found in Appendix F on page 254.

For the same reasons as the transformation presented in Section 4.4.1, the
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transformation induced by an application of Algorithm B.8 is only useful if
properties of the original system are preserved. The following lemma deals
with this issue.

Lemma 5.6: Let Sys be an interaction system. Applying Algorithm B.8 yields
an interaction system EXCLUSIVE(Sys) such that the global behavior [Sys] is
isomorphic up to transition relabeling to [EXCLUSIVE(Sys)].

A formal proof of Lemma 5.6 can be found in Appendix F on page 255.

For strongly exclusive communication, a similar idea can be used to ensure this
property: Instead of superscripting each action with the set of components, we
simply use an unique interaction identifier, e.g., each action a € « becomes a*
in line 10 of Algorithm B.8. This idea was introduced by Majster-Cederbaum
and Martens [180] where a detailed proof and a lemma that can be used to
derive a similar isomorphism result as Lemma 5.6 was later given by Martens
[190, Lemma 3.2.1]. Note that Majster-Cederbaum and Martens [179, 180]
and Martens [190] derive only results for reachability of certain states and for
deadlock-freedom, but our proof of isomorphism can be applied with a few
adjustments in all cases as well (in fact, the authors use a similar lemma in all
cases but did not address property preserving isomorphisms).

Thus, we can now assume that an interaction system has exclusive communi-
cation without loss of generality since otherwise, we can apply Algorithm B.8
to ensure this property in polynomial time in the size of the input.

5.3 Exploiting Equivalences in Interaction Systems

In this section, we want to generalize the idea for reducing interaction system
as introduced in Section 5.1. We start with the situation as given by our
running example: An interaction system with a star-like architecture which
has exclusive communication. Note that this situation was researched on in
our work [160]. Afterwards, we take a look at other architectures.

5.3.1 Star-Like Architectures with Exclusive Communication

We summarize the idea behind a generalization of the reduction approach
presented in Section 5.1: Consider an interaction system with a star-like ar-
chitecture, i.e., a middle component m is surrounded by border components
bi,..., b, for an n € IN, that has exclusive communication. If border compo-
nent b; does influence the behavior of m but this influence is not important
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for border component by, i.e., by serves as a witness of the harmlessness of
this influence with respect to the global behavior of the system, then we can
safely ignore by if we abstract from the cooperation of m and b; (which does
not affect any other component because we have exclusive communication).
In the same vein, if now border component b, influences m but again we
find a witness, say b3, we can further reduce the system by ignoring b, and
abstracting from the cooperation between m and b,. Now, if we can proceed
this way, we finally arrive at the situation where only the middle component
m and border component b, are left and any cooperation between m and
other border components is abstracted away. Thus, we can conclude that the
behavior of the resulting system is equivalent to the global behavior of the
original system (with the same abstractions applied). The important point is
that we can derive this equivalence without computing the global behavior
of the original system, and since we only computed the equivalence of small
systems on the way, this approach is very efficient.

We formalize this idea in the following theorem. There, we introduce a special
function that serves as an oracle for the order of the border components
that we called b, ..., b, above. After the proof of the theorem and a further
example, we discuss how such an order can be obtained. But for the theorem,
we assume that it is already known. We also give the proof at this point (and
do not refer to an appendix) because it illustrates an application of the results
from Chapter 3.

Theorem 5.7: Let Sys be an interaction system with a star-like architecture,
exclusive communication, and at least three components, i.e., |Comp| > 3. Let
an arbitrary numbering of the components be given, i.e., a bijective function
f:Comp — {1,...,n} is given with n = |Comp|. Let number 1 denote the
middle component, viz. f~1(1), of the star-like architecture. For convenience,
we identify a component with respect to its unique number in the following.
If for all i with 2 < i < n it holds that

SysI{L, i+ 1))\ s~ Sysl{Li+1}]\ Iy,
with Ty == (Int[{1, 1Y)\ Int[{1}]) U {a € Int[{1}] | 3 € Int[{1,}): 2 C B},
Sys\ I~ Sysl{1,m}]\ I
holds with [ == Ujcqy, 1y i

Proof of Theorem 5.7: Assume that the premise of the theorem holds. We
show Sys\ [ = Sys[{1,...,n}]\ I ~& Sys[{1,n}]\\ [ by an inductive argu-
ment over the components. The first equality follows from Proposition 3.20.
For n = 3 holds Sys[{1,2,3}]\ [i» ~% Sys[{1,3}]\\ [1,—because of the
premise—and since [;, = [ for n = 3 and branching bisimilarity with explicit
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divergence is a congruence with respect to closing (cf. Proposition 3.17), the
claim follows. Now, for all components i with 2 <i < n holds:

Sys[{1,i,...,n}]\ T ~5 Sys[{1,i+1,...,n}]\ I

because (the used proposition is listed in parentheses at the end of each line):

Sys[{1,i,...,n}]\ I
:<Sys[{1,i,i+1}] ® Sys[{i+2,...,n}]>\\zu_lntdosed (3.21)

{Lii+1}{i+2,...n}

y
- <Sys[{1,i,i +1Y]  ®  Sysl{i+2,.. .,n}]) \ (3.23)

T(1,i41) {i42,m)

- (Sys[{l, Li+1\L;  ®  Sys[{i+2,.. .,n}]) \ (3.15)

{Li+1} {i+2,..n}

~ (Sysl{Li+ 1N @ Sysl{i+2,...m}])\ ' (premise)

{Li+1} {i+2,...n}

= (Sys[{l,i +1}] ® Sys[{i+2,..., n}]) \ [ U Intqosed (3.15)

(1,41}, {i42, )

=Sys[{1,i+1,...,n} ]\ (3.21)

Thus, the argument shows that the theorem holds for all components. Note
that when we applied the premise in the reasoning above, we also used
Propositions 3.12 and 3.17. In the last step, we can drop the set Int jyseq from the
closing operator because all interactions of Int[{1}] that are a subset of a closed
interaction of the whole system Sys are also contained in I or Intgosed {1,i+
1,...,n}] respectively. This is ensured by the exclusive communication of the
system. n

We illustrate the application of Theorem 5.7 by means of the following exam-
ple.

Example 5.8: We consider a traffic light system. The system consists of three
bulb controllers which can be turned on and off and which relay this request
to connected electric bulbs or LED grids in the colors red, yellow, and green.
The bulb controllers are operated by a traffic light controller that organizes
the (four-state) order of light combinations or traffic signals, i.e., signal red
for stopping of the traffic, then red and yellow for informing the drivers to
start their engines, then green for driving, and then yellow for signaling that
the drivers have to stop shortly. Here, a clock is used to initiate the change of
each signal, i.e., the clock sends a trigger after waiting a sequence of internal
ticks. Furthermore, the traffic light controller is designed to output the current
traffic signal and to ensure that when the system is switched on, the red signal
is the first one and all other bulb controllers are turned off.
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We model this description as an interaction system Sys where each controller
corresponds to a component of the system. We omit the modeling of electric
bulbs or LED grids and only model the controllers which we simply call bulbs
in the following. Thus, we have:

Comp = {1,clk,1,2,3} —for traffic light, clock, and bulbs 1, 2, and 3,
A; = {signal red,, signal redyellow,, signal green;, signal yellow;, wait;,
red ony, red off;, yellow ony, yellow off;, green ony, green off; },
Agx = {tick.y, triggerqy }, and
A; = {on;, off;, poweron;, poweroff; } for 1 < i < 3.

Next, we have to specify the interaction model, which is illustrated in Fig-
ure 5.5: Bulb 1 corresponds to the red one, 2 to the yellow, and 3 to the green.

power ony red on;
ony yellow on;

signal red;
2 signal redyellow,
signal green; .
off2 yellow off; signal yellow; tick
power off» green ony green off;

Figure 5.5: Interaction model of the traffic light example

Thus, we have the following interactions:

Int = {{signal red, }, {signal redyellow, }, {signal green; }, { signal yellow, },
{waity, triggerqy }, {red on;, ony }, {red off;, off1 }, {yellow on;, ony },
{yellow off;, offo }, {green ony, onz}, {green off;, offs }, { tickay } }
U {{poweron;}, {poweroff;} | 1 <i <3} and
Intjosed = {{tiCkClk} } .

Please note that we model the ticks of the clock as closed interactions since
these are usually internal.
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The behavior of the bulb components is given by the labeled transition system
depicted in Figure 5.6 (a) and the behavior of the clock component by the one
in Figure 5.6 (b). Here, we simplify the clock component such that it only waits
for one tick before offering the next trigger.

1 , 2 ,
0, power or; tick g,

=0 powwer off ©) trigger i

(a) Behavior of the bulb comp.i,1 <i <3 (b) Behavior of the clock component clk

Figure 5.6: Behavior of the bulb (a) and the clock component (b)

More complex is the behavior of the traffic light component which is depicted
in Figure 5.7 on the following page. Every horizontal layer of the labeled
transition system corresponds to a sequence of operations that enable the next
traffic signal, which is output by the connection of theses layers (the signal
actions). The system is able to turn the green signal off initially (and also other
non-initial signals) as requested by the specification.

Observe that the interaction system is now completely specified (with respect
to Definition 2.5).

We now apply Theorem 5.7 to this interaction system, i.e., we want to verify
properties such as deadlock-freedom of the system but avoid to construct
the global behavior. First, we need to check the assumptions of the theorem.
Observe that Sys has exclusive communication, which can easily be concluded
from the interaction model depicted in Figure 5.5 because no action is used
in interactions with different sets of participating components. We also have
|Comp| > 3, i.e., at least three components are part of Sys. Next, we have to
check the architecture of the interaction system. We compute the component
graph (cf. Definition 4.1) which is depicted in Figure 5.8 on the following page.

Since it is a star in the graph-theoretical sense, we conclude that Sys has a
star-like architecture (cf. Definition 4.2) where component / is the middle
component and components 1, 2, 3, and clk are the border components. Thus,
the assumptions of the theorem are satisfied and we can now take a look at
the equivalences.

We assume that the following function f: Comp — {1,2,3,4,5} is given:
f(y=1,f(3)=2,f(2) =3, f(1) =4,and f(clk) = 5.
We check for all i with 2 < i < 5 whether (where [! = ff—l(l),f—l(l‘))

Sys[{f (1), f7H (D), A+ DN = Sys[{f 71 (1), f i+ DN
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Figure 5.7: Behavior of the traffic light component /
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Figure 5.8: Component graph of the traffic light example

holds where the parameter of the closing operator is defined as in Theorem 5.7.
Here, we check whether the light component together with the green bulb
component influences the observable behavior of the light and yellow bulb
components, then wether this is the case for the light and yellow bulb compo-
nents with respect to the red bulb component, and finally wether the light and
red bulb component influence the observable behavior of the light and clock
component. We omit to depict the single systems and to give the equivalence
relations. But, all equivalences specified in the equation above hold.
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We can thus conclude that

Sys \\f %ﬁ Sys[{1, clk}] \\f

holds where I, as defined in the theorem, closes all interactions between the
omitted components and the light component.

We want to determine the savings that this reduction allows for. The reachable
global behavior of Sys consists of 256 states and 672 transitions. If we now
compute the behavior of Sys[{l,clk}] \\ [, we see that this system only consists
of 38 states and 59 transitions, i.e., the system is much smaller. However,
we can further reduce the system. We compute the quotient of the labeled
transition system representing the reachable global behavior, i.e., we have:

[Sys[{L ck}I\ 1T~ [Sys[{L, clk}] \ =z

The resulting system consists of only 8 states and 8 transitions and is depicted

in Figure 5.9.
ignal red ity, tri ignal redyell
-@ {signal red; } ® {waity, triggerq } ® {signal redyellow, }
{waity, trigger i } {wait,, triggerq }
(o) )
{signal yellow, } % {waity, trigger i } ) {signal green; } ®

Figure 5.9: The labeled transition system [[Sys[{l, clk}] \\ ] A

Since the labeled transition system [Sys[{!, clk}] \\ I]~a contains no state with-
out outgoing transitions, we can conclude that the interaction system Sys \\ [ is
deadlock-free and also that Sys is deadlock-free since deadlocks are preserved
by closing.

This ends the discussion of the example.

An important assumption of Theorem 5.7 is that the components can be
ordered as stated in the lemma. Since such an order is not automatically
given, we overcome this problem by demanding that certain equivalences
hold for all border components of the star-like architecture, i.e., an order of the
components is not needed previously. We formalize this idea in the following
corollary.

Corollary 5.9: Let Sys be an interaction system with a star-like architecture
and exclusive communication. Let m denote the middle component and k an
arbitrary border component. If for all distinct pairs of border components
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i,j € Comp \ {m} holds

Sys[{m, i, Y1\ i =5 Sys{m, j}]1\ L

where [, ; := (Int[{m,i}] \ Int[{m}]) U {a € Int[{m}] | 3B € Int[{m,i}]: a C
B}, then it holds with I:= Uiecomp\ {m,k} I,,; that

Sys\ I %f Sys[{m, k}]\ I

A formal proof of Corollary 5.9 can be found in Appendix F on page 256.

We repeat our intuitive argument for this corollary: The composition of an
arbitrary border component i with the middle component m does not interfere
the composition of m with any other border component j. This compositional
invariant exploits the branching bisimilarity (with explicit divergence) of the
composed subsystems, i.e., the non-interference is modeled by equivalent
behavior. If this invariant holds for all pairs of components i, j and component
m, the behavior of the whole system is already modeled (up to branching
bisimilarity with explicit divergence) by the middle component composed
with one of the border components.

Here, we do not give a detailed algorithm that implements the approach
of Corollary 5.9 because we just have to check whether the architecture is
star-like and determine the middle and border components (cf. Section 4.3.1).
Afterwards, we need to loop through the set of border components and build
the respective subsystems (cf. Definition 3.18) and check their branching
bisimilarity with explicit divergence (cf. Section E.5). The sets [, ; of closed
interactions can clearly be computed in linear time by computing the set
Int[{m,i}] \ Int[{m}] and looping through the sets Int[{m }] and Int[{m,i}] in
each case which are already available from the subsystem construction.

However, we are interested in the computational costs of the application of
Corollary 5.9. With the algorithm of Groote and Vaandrager [130], we can
establish whether two labeled transition systems are branching bisimilar (with
explicit divergence) in time proportional to the product of the number of states
and the number of transitions in both systems (cf. Appendix E). If Smax denotes
the largest local state space, i.e., |Smax| = max{|S;| | i € Comp}, we know
that the subsystems can be determined in O(|Smax|® - |Int|) time. The number
of states of the resulting global behaviors of these subsystems is bounded
by O(|Smax|®) whereas the size of the largest possible family of transition
relations is bounded by O(|Smax/|® - |Int] - |Smax|?). Thus, each computation
of the subsystems and the branching bisimilarity (with explicit divergence)
check can be carried out in time polynomial in the size of the input interaction
system.
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Now, we carry out this computation at most (|Comp| — 1) - (|Comp| — 2)
times (each border component together with each other border component)
which results in an overall polynomial time bound of the approach of Corol-
lary 5.9.

A further interesting question is whether Corollary 5.9 and Theorem 5.7 are
equivalent. Clearly, if the assumptions of the corollary hold, then also the
theorem holds (cf. the proof of Corollary 5.9). However, is it the case that if
we can find an order function f such that the equivalences of Theorem 5.7
hold, then also the corollary holds? In other words, the order in which the
components are treated is not relevant for the reduction approach.

Unfortunately, this is not the case as can be seen by Example 5.8. In the
example, we assumed that a particular order function f is given, and indeed,
the equivalences of Theorem 5.7 hold with this function. But for Corollary 5.9,
we need to check (among other subsystems) whether

Sys[{1,2,clk}] \ fro & Sys[{1,clk}]\ I

holds where the parameter of the closing operator is defined as in Theorem 5.7
and Corollary 5.9 respectively. Here, we need to check whether the light
component together with the yellow bulb component influences the observ-
able behavior of the light and clock component where the interactions of the
light and yellow bulb component are closed in each system. We do not de-
pict the corresponding labeled transition systems here, but observe that in
the system of the right-hand side, we can execute the interaction sequence
{greenoff;}, T, {red off;} which directly corresponds to the action sequence
green off;, yellow off;, red off; of the light component’s behavior (cf. Figure 5.7).
However, in the system of the left-hand side this interaction sequence is not
executable because the yellow bulb component does not offer its off,-action
before its ony-action (cf. Figure 5.6 (a)), i.e., the interaction {yellow off;, off> } is
not executable (as a closed interaction) after the {green off; }-interaction in the
system of the left-hand side. Thus, the systems cannot be branching bisimilar
with explicit divergence and the assumptions of Corollary 5.9 are not satisfied.
More precisely, we established that the systems are not trace equivalent [23,
Section 3.2.4] which is a coarser equivalence than branching bisimilarity with
explicit divergence [113, Section 2].

Summarizing, we conclude that Theorem 5.7 implies Corollary 5.9 but not the
other way round. We finish with a remark about finding an order function f
as required for Theorem 5.7.

Remark on Finding an Order Function f: Since we already compute all pos-
sible equivalences in Corollary 5.9, we only need to exploit this information ac-
cordingly. We define a (directed, bipartite) graph G = (V,E) withV = V; UV,
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and V) NV, = @ where the set V; of vertices consists of the tuples (m, i, j) and
the set V; of the tuples (m, 1) where m is the middle component and i, j range
over all distinct pairs of border components, i.e., i # j except m. We introduce
a directed edge between all tuples that share the first two components, i.e.,
((m,i),(m,i,j)) € E foralli,j € Comp\ {m} with i # j. Next, we consider
the equivalences computed in the corollary: For all distinct pairs of bor-
der components i,j € Comp \ {m} if Sys[{m,i,j}] \ In; ~& Sys[{m,j}]\ L,
holds where I,,; is defined as in the corollary, we add the directed edge
((m, i,i),(m, ])) to E. Now, if there is a simple path that contains all vertices
in V,, starts at an arbitrary vertex v € V;, and ends at another vertex w € V3,
we found an order function f for Theorem 5.7. Figure 5.10 illustrates this idea
with respect to the traffic light interaction system introduced in Example 5.8
where the four vertices in the middle belong to the set V, and the others to V.

(1,3, clk)

ldkl] [zdkzj [desj

Figure 5.10: Graph that illustrates how an order function f for Theorem 5.7
can be found. The thick red edges constitute a simple path that, projected to
V>, corresponds to the order given by function f in Example 5.8.

We want to point out that this idea can be further extended such that we
can ask for a particular border component k whether the whole interaction
system can be reduced to a system that consists only of the middle component
m and k. To accomplish this, we only need to construct the graph as above,
turn the direction of all edges, and search for a simple path starting in the
vertex (m, k) that contains all vertices (m,i) with i € Comp \ {m}. Note that
the construction of the graph above and all path queries can be performed in
polynomial time in the size of the input where the construction has the same
asymptotic costs as the application of Corollary 5.9 which we discussed before
this remark. Here, we do not further discuss the order function f but come
back to it with some further ideas in Section 5.6 at the end of this chapter.

Next, we take a look at our other architectural constraint that is based on the
component graph, viz. interaction systems with a tree-like architecture.
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5.3.2 Tree-Like Architectures with Exclusive Communication

In this section, we take a look at interaction systems with a tree-like archi-
tecture and exclusive communication. Fortunately, the presented analysis
for star-like architectures scales up to an analysis for tree-like architectures.
The main idea for the analysis of tree-like architectures is that they can be
considered as several overlapping star-like ones. We illustrate this idea in
Figure 5.11 which depicts the component graph of an interaction system Sys
with a tree-like architecture.

Figure 5.11: In each vertex, the small number in the top right corner corre-
sponds to the eccentricity of the vertex. We can now group the vertices with
respect to these eccentricities such that each induced subgraph is a star in the
graph-theoretical sense which is maximal with respect to the set of vertices
that form a star subgraph. Each such star in the graph is surrounded by either
a red dotted, green dashed, or blue densely dotted line.

We motivate the idea by means of the depicted example where we have
Comp = {A,B,C,D,E,F,G,H,I,J}. We do not further specify this interac-
tion system but it should be clear that we can define appropriate action sets
and interactions such that the system has the component graph depicted in
Figure 5.11. Now, we determine the maximal stars of the tree as mentioned
in the caption of the figure and thus consider the following interaction sys-
tems: Sys[{A, B,C,D, F}], Sys[{C, E,F,H}], and Sys[{F, G, H, I, ] }]. All three
subsystems have a star-like architecture where components C, F, and H re-
spectively are the middle components.

If now our result of the previous section is applicable for these subsystems,
i.e., we assume that we can conclude that

1. Sys[{A,B,C,D,F}]\ [y =} Sys[{C, F}]\ I,
2. Sysl{C,E,F,H}]\ L ~f Sys[{F, E}] \\ I, and
3. Sys[{F, G, H,LJ}]\ Is ~f Sys[{F, H}]\ I
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holds (cf. Corollary 5.9), then we can put these three pieces together and
conclude that also Sys \\ I ~% Sys[{F, E}] \\ [ holds with appropriate sets of
interactions [y, I, I3, and I. Of course, we have to be careful which interactions
are contained in these sets such that no interaction becomes closed that is
needed for a further application of Corollary 5.9. Moreover, we should work
from the outer levels, i.e., the vertices with the maximal eccentricity which
correspond to the periphery of the graph (cf. Definition A.7), to the inner
levels as depicted in Figure 5.11. Then, i.e., if all equivalences hold, the whole
interaction system is equivalent to a system containing only the components
in the graph-theoretical center of the component graph.

Next, we formalize the above developed idea for an arbitrary interaction
system with a tree-like architecture and exclusive communication.

Theorem 5.10: Let Sys be an interaction system with a tree-like architecture,
exclusive communication, and at least three components, i.e., |Comp| > 3. Let
G denote the component graph of Sys, and let for each index x € IN with
rad(G) < x < diam(G) the set C; C 2" denote the set of all subsets of
the set of components such that for each C; € C§ holds |C;| > 3, Sys[C}]
has a star-like architecture, the vertex representing the middle component
of Sys[C%] has eccentricity x, and there is no component k € Comp \ C} such
that Sys[C} U {k}] has a star-like architecture, i.e., the set of components is
maximal with respect to satisfaction of the star-like architectural constraint.

We introduce a (double) index x.y with index x as above and index y € IN with
1 <y < [C¢] (for each x) such that C} , lets us refer to all sets of components
in C}, i.e., the two indices allow us to address each star-like subsystem. Let
myy € Cy, denote the middle component in each Sys[Cy |, and let by, € C7,
denote the border component whose vertex representation has the smallest
eccentricity, i.e., eccg(bry) < min{eccg(v) | v € VN C, }—if there are
several such border components, we choose an arbitrary one. Furthermore, a
bijective function fy: C,*{,y = {1ey, 20y, -, nxy} withnyy = |C;.y| is given
where number 1, denotes the middle component, i.e., f, yl (1 x.y) = Myy, and
number 7, denotes the border component with the smallest eccentricity, i.e.,
fr yl (nx.y) = by . For convenience, we identify a component with respect to its
number in the following.

If for all x with rad(G) < x < diam(G), all x.y with 1 <y < |C;|, and all iy,
with 2, <y, < 1y, holds

Sys[{1x~y’ ix-y/ lxy + 1}] \\ jleyrix.y %bA Sys[{lxy’ ny + 1}] \\ flx,}//ixy

where we have flx.y/ix.y = (Int[{1xy,ixy}] \ Int[{1xy}]) U {a € Int[{1yy}] |
B € Int[{1lyy, iry}]: a C [3}, then it holds with M := center(G) U K where
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K = {n1a4(G)1} if [center(G)| = 1 and K = @ otherwise, that
Sys\ [ ~4 Sys[M]\\ I

with I':= Urad(6) <x<diam(G),1<y<|Cs] 20y <ixy <ty rysizy-

A formal proof of Theorem 5.10 can be found in Appendix F on page 256.

We proceed with an example that demonstrates the application of Theo-
rem 5.10.

Example 5.11: We consider a street crossing with four traffic lights but model
only two light controllers that show the opposing light signals, i.e., each
controller operates two traffic lights that show the same signals but for conve-
nience, we model each of them as one traffic light. Each light controller and
the associated three bulb controllers are modeled as in Example 5.8. A further
control unit coordinates the switching of the opposing light signals, e.g., if one
traffic light shows its green signal, the other one has to show its red signal.
Again, a clock is used to initiate the change of each signal, however now the
clock sends its trigger to the control unit. Initially, the control unit, that we
model as component C, operates the first light controller, that we model as
component [, to show its green signal and the other light controller, that we
model as component r, to show its red signal. Here, the light controller / is
connected to three bulb controllers 1, 2, and 3 as in Example 5.8 whereas the
light controller r is connected to three bulb controllers 4, 5, and 6.

Thus, we get the following component model:
Comp = {C,1,r,clk,1,2,3,4,5,6},

Ac = {status green redc, status yellow redc, status red redyellow, status red greenc,
status red yellowc, status redyellow redc, waitc, triglc, siglc, trig2c, sig2c },

Aj, Agr, and A; for 1 < i < 6 as in Example 5.8, and

Ay as Aj but subscripted with r instead of /.

We assume that bulb 1 corresponds to the red light of traffic light /, 2 to the
yellow one of /, 3 to the green one of [, and similarly, 4, 5, and 6 to the red,
yellow, and green light of traffic light r. Figure 5.12 on the following page
depicts the interaction model of the street crossing example.

Thus, we have the following interactions:

Int = {{status greenredc}, {status yellow redc }, {status red redyellowc},
{status red greenc}, {status red yellowc }, {status redyellow redc},
{waitc, trigger i }, {signal red;, sig1c}, {signal redyellow,, siglc},
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123456

1: status green redc
2: status yellow redc

3: status red redyellowc
4: status red greenc

power ijc 3 5:statusred yellowc power omg power Oﬁr 6
6: status redyellow redc

Figure 5.12: Interaction model of the traffic light street crossing example where
we omitted the bulb components 2 and 5.

{signal green;, siglc}, {signal yellow,, siglc }, {wait;, triglc},

{signal red,, sig2¢c}, {signal redyellow,, sig2¢c }, {signal green,, sig2¢ },
{signal yellow,, sig2¢c }, {wait,, trig2¢}, {red on;, ony }, {red off}, off1 },
{yellow on;,ony }, {yellow off;, off> }, {green on;, onz }, {green off;, offs },
{red on,,ony}, {red off;, offs }, {yellow on,, ons }, {yellow off;, offs },

{greenon,,one}, {green off,, offs }, {tickey} }
U {{poweron;}, {poweroff;} | 1 <i < 6} and

Intosed = {{tiCkclk} }

The behavior of the components is similar as in Example 5.8 where the be-
havior [[r] of the light controller r is the same as the behavior [I] of the light
controller [ (cf. Figure 5.7 on page 124) but every action is subscripted with
r instead of I. Thus, the behavior of the bulb controllers [i]] for 1 <i < 61is
given in Figure 5.6 (a) on page 123 and the behavior of the clock component
in Figure 5.6 (b) on the same page. Figure 5.13 on the facing page depicts the
behavior of the control component C.

Now, the interaction system modeling the street crossing is completely speci-
fied. In the following, we refer to this system as Sys.

We now apply Theorem 5.10 to this interaction system. First, we need to check
the assumptions of the theorem. Observe that Sys has exclusive communi-
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91 192 trigl
-® siglc ® sig2¢c ® riglc

siglc

v{glc ~ siglc
/@ ®

©) waitc @) triglc ) siglc
o/ \ZJ

status green redc

status yellow redc

] trigl trig? sigl $iQ2
@wth@ gC@ gC@ gc@ 8zC

status red redyellowc

wait trig2 sig2
O— @

status red greenc

t}’igZC SigZC
(7)) (53)
&2 #*) &

status red yellowc

trig2 trigl $ig2 si¢l
@ gC@ 8C® 84C A~ glc

)

Figure 5.13: Behavior of the control component C
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C

status redyellow redc

cation, which can easily be concluded from the interaction model depicted
in Figure 5.12 because no action is used in interactions with different sets
of participating components. We also have |Comp| > 3, i.e., at least three
components are part of Sys. Next, we have to check the architecture of the
interaction system. We compute the component graph (cf. Definition 4.1)
which is depicted in Figure 5.14 on the following page.

Since it is a tree in the graph-theoretical sense, we conclude that Sys has a
tree-like architecture (cf. Definition 4.3) where component C is the only central
component. Thus, the assumptions of the theorem are satisfied and we can
now take a look at the equivalences.

First, we need to determine the sets C; C 27 for all x € N with rad(G) <
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(]

Figure 5.14: Component graph of the traffic light street crossing example

x < diam(G) where G denotes the component graph of Sys (cf. Figure 5.14).
Observe that the graph depicted in Figure 5.11 on page 129, that we discussed
at the beginning of Section 5.3.2, is isomorphic in the graph-theoretical sense
to Sys’s component graph, i.e., the graphs are in fact the same up to the name
of the vertices. Thus, the eccentricity of every vertex (cf. Definition A.7) in the
component graph is given in Figure 5.11.

Here, we get C; = {{C,1,r,clk}} and C; = {{1,1,2,3,C},{r,4,5,6,C} } where
the middle component of each subsystem with a star-like architecture (to
which the elements of these sets correspond) is the first component in each
set (if we regard the given sequence of the components as an order). The
last component in each such set corresponds to the border component with
the smallest eccentricity or an arbitrary component if there are several such
border components as in the case of the first element of C;. Observe that
each set of components is maximal with respect to satisfaction of the star-like
architectural constraint.

Now, we denote these sets as in Theorem 5.10 as C5, = {C,[,r,clk}, Cj;, =
{1,1,2,3,C},and C}, = {r,4,5,6,C}. Further, we assume that the following
order functions are given:

o f1:C5y — {121,221,321,421} with f(C) =121, f(I) = 221, f(r) =321,
and f(Clk) = 42.1,

o f31: C5y — {131,231,331,431, 531} with f(I) =131, f(3) = 231, f(2) =
331, f(1) =431,and f(C) = 531, and

o f32: C5y = {132,232,332,432,532} with f(r) =132, f(6) = 232, f(5) =
332, f(4) = 432,and f(C) = 532.

We now check for all x with rad(G) < x < diam(G), all x.y with 1 <y < |C}|,
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and all iy, with 2, < i, < ny, whether

Sys[{f::yl(1x.y)rf£yl(ix-y)rf;yl(ix-y + DM\ o (Ley) ok (iny) ~
Sys[{f;yl(lx_y),fx_y (ixy + 1)\ I F(Ley) fo (iny)

holds where the parameter of the closing operator is defined as in Theo-
rem 5.10.

Here, we first check, as in Example 5.8, for both light components whether
the respective light component (I or r) together with the associated green bulb
component (3 or 6, respectively) influences the observable behavior of the
respective light and the corresponding yellow bulb components (! and 2 or r
and 5, respectively), then wether this is the case for the respective light and
corresponding yellow bulb components with respect to the associated red
bulb component (1 or 4, respectively), and finally wether the respective light
and associated red bulb component influence the observable behavior of the
respective light and the control component (! and C or r and C, respectively).
Afterwards, we check whether the control component C together with the
light component / influences the observable behavior of C and the light com-
ponent r and then whether this is the case for C and r with respect to the clock
component. We omit to depict the single systems and to give the equivalence
relations. But, all equivalences specified in the equation above hold.

We can thus conclude that

Sys\ [ ~% Sys[{C,clk}]\ I

holds where I, as defined in Theorem 5.10, closes all interactions between the
omitted components and the control component. Observe that the set {C, clk}
corresponds to the set M of the theorem because we have \Center(G)] =
I[{C}| = 1 and thus M = center(G) U K where K = {fr;cll( Mrad(G)1)} =

{f31 (421)} = {clk}.

We want to determine the savings that this reduction allows for. The reachable
global behavior of Sys consists of 6974 states and 30241 transitions. If we
now compute the behavior of Sys[{C,clk}] \\ I, we see that this system only
consists of 64 states and 64 transitions, i.e., the system is much smaller. As
in Example 5.8, we can further reduce the system by computing the quotient
of the system: [Sys[{C,clk}]\\ I] ~, which is depicted in Figure 5.15 on the
following page, consists of 12 states and 12 transitions.

Now, we can for instance ask whether Sys is deadlock-free and instead of
computing its global behavior, we can consider [Sys[{C, clk}] \\ []~s. Since
the latter labeled transition system does not contain a state without outgo-
ing transitions (cf. Figure 5.15), we can conclude that the interaction system
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® {waitc, trigger i } N {status yellow redc } A {waitc, trigger i }
/

2/ 2/
{status green redc} {status red redyellowc }
status red green
@+« 7 { greenc} 0 — ®
{waitc, trigger i }
{waity, triggerq } {waitc, triggercy}

@ @———— ® ®
{status redyellow redc } {waitc, trigger i } {status red yellowc }

Figure 5.15: The labeled transition system [Sys[{C, clk}] \\ f]]z?

Sys \\ [ is deadlock-free and also that Sys is deadlock-free since deadlocks are
preserved by closing.

This ends the discussion of the example.

Analogously to the discussion succeeding Theorem 5.7 and Example 5.8 respec-
tively, we can now derive a corollary for Theorem 5.10 similar to Corollary 5.9.
However, we omit such a corollary here because of its analogous nature.

Instead, we are interested in the costs of an application of the reduction
approach for tree-like architectures. Clearly, we have to apply Corollary 5.9
or Theorem 5.7 respectively several times. To be more precise, the number of
applications equals the number of maximal stars that can be derived from the
tree-like architecture as illustrated in Figure 5.11 on page 129. Moreover, we
need an automatic way to actually output the corresponding subsystems with
a star-like architecture.

Since each component that has more than one neighbor in the component
graph can be the middle component of a subsystem with a star-like architec-
ture, we just have to count the corresponding vertices in the component graph,
i.e., there are, for a given interaction system Sys, exactly |Comp| — |{i € Comp |
|nbg(i)| = 1} (cf. Definition A.5) many such subsystems. All we have to do
in order to construct these subsystems—if Sys has a tree-like architecture—is to
take each component with more than one neighbor in Sys’s component graph,
add all its neighbors, and use the resulting set for the subsystem construction
operator (cf. Definition 3.18). Since the number of these subsystems is clearly
bounded by the number of components, the overall approach is polynomial
in the size of the input.

We want to finish the discussion of compositional reduction in interaction
systems with a tree-like architecture by addressing where to start the equiv-
alence checks. In the discussion preceding Theorem 5.10, we wrote that we
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should work from the outer levels (with respect to the eccentricities) to the
inner levels. Thus, we need to compute the eccentricity of every vertex and
start from the periphery of the graph that contains the border components of
the outermost subsystems. Now, if the corresponding equivalences hold, we
successively remove the components at the periphery of the graph, recompute
the periphery and check again. Clearly, this approach terminates by reach-
ing the center of the graph and is polynomial in the size of the input if the
eccentricities can be computed efficiently. Fortunately, the eccentricity of a
vertex can be computed in linear time by a simple search strategy if the graph
is a tree [264, Section 7.2.1], which is ensured by our tree-like architectural
constraint.

In the next section, we take a look at the savings our approach allows for in
interaction systems.

5.3.3 Compositional Reduction in Interaction Systems Allows For
Exponential Savings

We discuss the potential savings that our reduction approach allows for. Con-
sider the following interaction system Sys consisting of component 0 that is
surrounded by n components 1, ..., n. Each component has 7 actions, one for
each of the other components. Thus, we have:

Comp ={0,1,2,...,n} and
A; = {a},...,a'} where i ranges over the components.

Now, the actions are used for cooperation among components but only com-
ponent 0 cooperates with each of the other components, i.e., we have

Int = {{ah,ai}, {af} i€ {1,...,n} A ke{l...,n}\{i}}.

We set Intgoseq = @. Figure 5.16 on the following page illustrates the resulting
interaction model.

Obviously, interaction system Sys has a star-like architecture (cf. Definition 4.2)
because all interactions are either unary or binary and there is no cooperation
where component 0 does not participate in. Thus, component 0 is the middle
component and all other components are the border components of Sys. We
omit to depict the component graph (cf. Definition 4.1) since it looks similar to
the interaction model depicted in Figure 5.16.

Observe that the system also has exclusive communication (and even strongly
exclusive communication), i.e., the first two assumptions of Corollary 5.9 of
this chapter are already satisfied.
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Figure 5.16: Interaction model of the example in Section 5.3.3

But before we further analyze this example, we have to specify Sys’s behav-
ioral model. The behavior of each component is the same up to their action
sets: Each component successively executes its actions in their natural order,
i.e., component i € Comp executes its actions a}, aiZ, and so on until action 4} is
executed which brings the component back to its initial state. The correspond-
ing labeled transition system is depicted in Figure 5.17. Observe that the size

of all labeled transition systems is linear in n.
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Figure 5.17: Behavior of componentifor0 <i <n

Now, we take a closer look at the application of Corollary 5.9 to our example.
We set m = 0 and k = n, and have to check whether for all distinct pairs of
border components i,j € Comp \ {m} the following equivalence holds:

Sys({m, i, jYI\ In,i =25 Sys[{m, j}]\ L,
with L, ; := (Int[{m,i}] \ Int[{m}]) U {a € Int[{m}] | 3B € Int[{m,i}]: a C

B} which hereis equal to lo; = {{a}}, {ai, al}} U {{a"} | ke {1,...,n}\ {i}}
forl <i<n.

If we compute these equivalences, we find out that all of them indeed hold.
Since the systems are already too big to be depicted here, we only consider the
costs of this operation. For each computation, we have to construct two labeled
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transition systems whose size is at most cubic in #n. The branching bisimilarity
(with explicit divergence) check can be carried out in time proportional to the
product of the number of states and number of transitions in both systems
(cf. Appendix E). Since the number of these computations is bounded by 12,
we can check whether all equivalences hold in polynomial time in 7, which,
admittedly, we already know from the discussion after Corollary 5.9.

We can thus conclude according to Corollary 5.9 that

Sys\ T %ﬁ Sys[{m,k}]\ I

holds with [ = Uiccomp\ {m,c} I;y; which is equal to [ = Int\ {{al,a?}, {ai} |
i€{1,...,n}},ie,all interactions are closed except the one that models the
cooperation between components 0 and n and all singleton interactions of
component 7.

Now, we further reduce the global behavior of the last interaction system and
compute its quotient, viz. [Sys[{m, k}] \\ i:”z? with m = 0 and k = n, which
results in the labeled transition system depicted in Figure 5.18. The size of this
system is linear in 7.
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Figure 5.18: The labeled transition system [[Sys[{m, k}] \\ T] ~p withm = 0 and
k=mn

Since the interaction model does not put strong restrictions on the cooperation
of the components, all state combinations are reachable, i.e., the global state
space of Sys’s global behavior consists of all n"*! state combinations (each
local component can be in one of its n states and there are n + 1 components).
Thus, the size of the global behavior of Sys is exponential in n.

Summarizing, the example shows that our reduction technique is able to save
an exponential factor. All verification questions that are answerable in Sys \\
are also answerable in Sys[{0,n}]\\ [ if there are preserved by branching
bisimilarity with explicit divergence which holds, e.g., for all CTL*-X formulae
as discussed in Chapter 2.

In the next section, we take a closer look at the assumption of exclusive
communication and whether we can drop it for our reduction approach.
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5.4 Getting Rid Of Exclusive Communication

We want to examine where exactly the property of exclusive communication
was needed in the previous sections. As we mentioned in Section 5.2, this
property can be established via a transformation in polynomial time. But
nevertheless, it is an interesting question whether we can get along without
requiring this property for a given interaction system.

Thus, consider an interaction system with a star-like architecture. We learned
in Section 5.3.1 that if a border component b of the system does influence
the middle component m but there is a border component b’ such that this
influence is not observable later on, we can ignore b. This is achieved by
closing the interactions needed for cooperation between m and b. In the
resulting system, we also need to close those singletons that correspond to the
actions of m that are present as interactions in the subsystem. If we now do
not have exclusive communication, this closing may affect interactions that
are needed for cooperation with other border components.

For instance if there is an interaction {a,,, 4}, where a,, is an action of the
middle component m and g, is an interaction of border component b, we also
need to close the interaction {a,,} in the resulting system. But, if there is
an interaction {a,,, ay }, where a; is an action of border component V’, the
previous closing does not allow us to use a,, in the composition step. Observe
that if we have exclusive communication, this situation cannot happen in a
system with a star-like architecture since the cooperation partners for every
action of the middle component need to be the same.

We thus have to find a way to not close the stub of the middle component.
One way to achieve this is to keep all interactions. However then, we cannot
consider valid subsystems since all components participating in the interac-
tions need to be present. But, if we want to reduce the whole system, we can
keep a very small representative of the components, that we previously ig-
nored, after appropriate equivalences were established. We define such a small
representative as the always accepting version of a component as follows.

Definition 5.12 (Always Accepting Version): Let Sys be an interaction sys-
tem and let i € Comp be a component. The always accepting version of i, denoted
by Acc(i), is the replacement of the local behavior [[i]] of component i with the
labeled transition system [Acc(i)] := ({s?}, A;, {{(s?,?)} }s,ea,, {s}) for an
arbitrary initial state s? € SY.

Next, we formalize the idea using these small representatives. Instead of
ignoring a border component, we check whether we can replace it by its
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always accepting version. Observe that we do not require the property of
exclusive communication in the following theorem.

Theorem 5.13: Let Sys be an interaction system with a star-like architecture
and at least three components, i.e., |Comp| > 3. Let an arbitrary numbering
of the components be given, i.e., a bijective function f: Comp — {1,...,n}
is given with n = |Comp|. Let number 1 denote the middle component, viz.
f~1(1), of the star-like architecture. For convenience, we identify a component
with respect to its unique number in the following. If for all i with 2 < i < n it
holds that

Sys[{1,i,i +1}]\ [ =8 Sys[{1, Acc(i),i +1}]\ [;
with [; := {a € Int | {i} C compset(a)}, then it holds that

Sys\ [ ~% Sys[{1,Acc(2),...,Acc(n—1),n}]\ I
with I:= Uiepa,.n1 Ii

Proof of Theorem 5.13: Assume that the premise of the theorem holds. We
show Sys\ [ = Sys[{1,2,...,n —1,n}]\ I ~% Sys[{1, Acc(2),...,Acc(n —
1),n}]\ [ by an inductive argument over the components. The first equal-
ity follows from Proposition 3.20. For n = 3 holds Sys[{1,2,3}]\ L, ~%
Sys[{1,Acc(2),3}]\\ [» because of the premise, and since [, = [ for n = 3 and
branching bisimilarity with explicit divergence is a congruence with respect
to closing the claim follows. For all components i with 2 < i < n holds:

Sys[{1,Acc(2),...,Acc(i—1),i,...,n}]\ [ ~4
Sys[{1,Acc(2),...,Acc(i),i+1,...,n} ]\ [

because (the used proposition is listed in parentheses above the equation
symbol):

Sys[{1,Acc(2),...,Acc(i—1),i,...,n}]\ [
2 (sysl{1,4,i+1}] ®

T(1,1i413 {Acc(2) . Acc(i—1),i+2,.. )
Sys[{Acc(2),...,Acc(i—1),i+2,.. .,n}]) \ T U It gosed

(3.23) (Sys[{l, i,i+1}] ®

(1,41}, Acc(2), o Acc(im1),i+2,...1}
Sys[{Acc(2),..., Acc(i—1),i +2,.. .,n}]) \ T U It gosed
3.15 .. a
) (sysl{n i+ 13\ ®

{1,i+1},{Acc(2),...,Acc(i—1),i+2,...n}

Sys[{Acc(2), ..., Acc(i—1),i+2,.. .,n}]) \ T U Intaosed
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(pre.)

~ (Sysl{1, Ace(i),i+ 1]\ ®
I{l,i+1},{Acc(2),...,Acc(ifl),i+2,.“,n}
Sys[{Acc(2),..., Acc(i—1),i+2,.. .,n}]) W\ T U Intaosed
(315) (Sys[{1, Ace(i), i +1}] ®

T(1,i41) {Ace(2) o Acc(i—1),i42,.. )
Sys[{Acc(2),..., Acc(i—1),i+2,.. .,n}]) W\ T U Intaosed

C2Y 5usl{1, Ace(2), ..., Acc(i),i+1,...,n}]\ I
Thus, the argument lets us conclude that the theorem holds. Note that when

we applied the premise in the reasoning above, we also used Propositions 3.12
and 3.17. -

Similarly to the reduction result for star-like architectures, we also derive a
corollary that allows for an application of Theorem 5.13 without having access
to an order function f.

Corollary 5.14: Let Sys be an interaction system with a star-like architecture.
Let m denote the middle component and k an arbitrary border component. If
for all distinct pairs of border components 7, j € Comp \ {m} holds

Sys[{m, i, ;)]\ I ~p Sys[{m, Acc(i), j}] \ I

with [; := {a € Int | {i} C compset(a)}, then it holds that

Sys\ I ~% Sys[{m,k} U{Acc(i) | i € Comp\ {m, k}}]\ I

holds with [ := Uiecomp\ {mx} L.

A formal proof of Corollary 5.14 can be found in Appendix F on page 261.

We want to point out that the order function f of Theorem 5.13 can be derived
from the equivalences of Corollary 5.14 in a similar way as we discussed in
the remark following the proof of Corollary 5.9 (cf. page 127). The price we
have to pay for not requiring exclusive communication beforehand is that we
have to keep all components, although their behavior is replaced by a very
compact version.

Here, we do not further deepen the discussion of exclusive communication,
but observe that we can also derive a similar result for interaction systems
with a tree-like architecture. Instead, we take a look at related work on com-
positional reduction in component-based settings in the next section.
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5.5 Related Work

We discuss approaches from the literature that are comparable to our setting.
In these works, the architecture is similarly defined as our component graph
(cf. Definition 4.1)—as already mentioned in Chapter 4.

Bernardo et al. [39] exploit the architecture and behavioral equivalences in
order to efficiently verify the property of deadlock-freedom with respect to
systems specified in their architecture description language PADL, which we
already discussed in Section 2.1.4. They introduce the notion of component
compatibility [39, Definition 4.3] which means that the composite behavior of
two components, where any joint action is concealed, is weakly bisimilar to
the behavior of one of the components with corresponding concealed actions.
For instance, if a component b which only interacts with one component m is
compatible to m, then b is not important for the overall behavior of the system.
Instead of considering both components one can safely consider only m.

This approach is extensible to the whole system and is particularly suited
for acyclic architectures, such as star-like or tree-like ones. For instance in
star-like architectures, the compatibility check is performed for every border
component together with the middle component. The authors derive results
for star-like and tree-like architectures [39, Theorem 4.5 and Corollary 4.6,
respectively] that imply the deadlock-freedom of the whole system if all
pairwise compatibility checks among the components succeed. Although
their result opens the possibility for a reduction technique, in particular their
Lemma 4.4, Bernardo et al. [39] do not address this feature explicitly such that
the reduced version can be used later on instead of the original behavior for,
e.g., other verification purposes.

Hennicker et al. [137] address the last point in their study of component neu-
trality in the semantic model of the Java/A architecture description language
(cf. Section 2.1.4). Here, neutrality of a component x with respect to another
component y means that the combined behavior (with binary connectors be-
tween the components which are unobservable in the behavior) is weakly
bisimilar to the behavior of y where all involved connectors are replaced
by unary ones (which are also unobservable in the behavior). The authors
describe a reduction strategy based on this notion of neutrality that succes-
sively removes neutral components at the border of the architecture (which
are hence called leaf components), i.e., the strategy is particularly applicable
to acyclic architectures that have many leaf components. After the removal of
neutral leafs, the reduction process can be repeated because potentially new
leaf components are now present in the remaining system.
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If the above system is considered as a composite component, the reduction
strategy allows for the determination of the minimal observable behavior that
can be substituted for the typically much larger original behavior of the new
component in further composition steps. Thus, once the minimal behavior of
the corresponding system part is determined, all verification steps that involve
this part benefit from the smaller size of the behavior. For interaction systems,
we shortly addressed in Section 3.7 that such an encapsulation technique can
also be defined. Then, the ideas of this chapter also allow to determine the
minimal observable behavior of a corresponding composite component.

Cheung and Kramer [61] propose a further method with respect to their
study of context constraints for compositional reachability analysis. These
constraints are modeled as so-called interface processes that represent the
environment of a component, whose behavior is also modeled as a process,
in a composition step. The key observation for such context constraints is
that typically the behavior of a component is restricted by its cooperation
with its environment, and if this restriction can be observed before the actual
composition, which possibly results in a too large system, and does not restrict
the overall behavior, then the smaller behavior with respect to the constraints
by the environment can be substituted for the original behavior in analysis
steps. The correctness of this approach is based on a similar idea as discussed
above for the other formalisms which is called transparency [61, Section 6.3]:
An interface process I capturing the context constraints of a composite process
P is transparent to P if the composition of P and I is equivalent—with respect
to strong bisimilarity—to P. The authors formulate a so-called interface the-
orem [61, Section 6.4] that provides conditions under which transparency is
guaranteed.

However, the mentioned strategies are not suited for versatile components that
offer many behavioral variants for different contexts as, e.g., our merchandise
management example (cf. Section 1.3). This versatility supports the reusability
property that is typically desired in component-based system design. Please
note that all three strategies are comparable to the first idea for compositional
reduction that we discussed in Section 5.1 at the beginning of this chapter, i.e.,
they are not applicable for our example Sysyvs. For instance in the approach
of Bernardo et al. [39], if a border component alters the behavior of the middle
component but this alteration is not important for the interaction with the
other components, the approach already fails.

Furthermore, we use branching bisimilarity with explicit divergence instead
of weak bisimilarity, which is used by Bernardo et al. [39] and Hennicker
et al. [137], because branching bisimilarity with explicit divergence preserves
more properties of systems (remember that, as discussed in Section 2.4, a
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logical characterization of branching bisimilarity with explicit divergence in
CTL*-X exists if the system is deadlock-free), it is more efficient to calculate
(cf. Appendix E), and, as remarked by Van Glabbeek and Weijland [115], many
system that are weakly bisimilar are also branching bisimilar which also holds
for the variant with explicit divergence.

Finally and as already mentioned in Section 1.1.3 of Chapter 1, more general
techniques exist that also aim for a reduction of the state space in order to
avoid or mitigate the state space explosion problem. For instance, Groote
and Moller [126] discuss decomposition techniques for the verification of
parallel systems such that the equivalence of two systems can be concluded
by an analysis of appropriate subsystems. Larsen and Xinxin [167] study
decomposition rules that are based on an operational semantics of contexts
and show how a property of the composite system can be transformed into
properties for the components. The cones and foci proof strategy [102, 129]
shows how branching bisimilarity of two processes (described as linear process
equations [40]) can be established without generating corresponding labeled
transition systems. Several real-life protocols have been verified this way
[102] and, although the approach is not completely automatic, it is interesting
for our approaches of this chapter since we also want to show the branching
bisimilarity (with explicit divergence) of two interaction systems without
generating the global behavior of one of the systems.

We want to point out that there is an interesting connection to work on con-
fluence [128, 197]. Interestingly, in all examples of this chapter, the labeled
transition systems representing the global behavior (after the closing opera-
tor has been applied) are T-confluent and a priorisation of the t-transitions
as described by Groote and Sellink [128] yields the same systems as in our
reduction—except for the example from the beginning which is not convergent,
i.e., it contains a cycle of T-transitions. Given that the check for T-confluence
can be carried out very efficiently [127] and also in a compositional way [218],
the relation of T-confluence and our work is an interesting open problem,
which we at this point have to postpone as future work.

This ends our discussion of compositional reduction in interaction systems. In
the next section, we summarize the chapter and give some remarks regarding
future work.

5.6 Summary and Future Work

In this chapter, we showed how the architectural constraints introduced in
Chapter 4 can be used in conjunction with the equivalence for interaction
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systems (cf. Section 2.4.1) to derive a reduction technique for interaction
systems whose application is guaranteed to be polynomial in the size of the
input, which is one of our main goals, and that thus allows for very efficient
property verification. For instance, we can establish whether an interaction
system is deadlock-free by an analysis of a particular subsystem that consists
of only two components if all required equivalences hold.

We conclude with some remarks for future work regarding the order func-
tion f—as promised in the remark after the proof of Corollary 5.9 (cf. page 127).

The results of this chapter can be generalized as follows. Currently, we require
that for each border component in a star-like architecture, we find a witness
that guarantees that the influences of the border component on the observable
behavior of the middle component are negligible. In doing so, we require that
we find a unique witness for each border component (cf. Theorem 5.7) or that
all other border components can serve as a witness (cf. Corollary 5.9).

Now, there is an additional scenario: One particular border component can
serve as a witness for several or even all other border components. In order to
allow for this scenario, we could replace the addition operator among the order
function, that we use to get the next witness, by a witness function g as fol-
lows: Sys[{f1(1), f~1(i), g(f 1(i))}] instead of Sys[{f (1), 1), f (i +
1)}]. However, we have to ensure that we do not neglect a witness that is
needed in later steps. Here, we do not deepen this idea and instead, take a
closer look at deadlock-freedom in the next chapter.
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Chapter 6

Efficient Deadlock Analysis

In this chapter, we focus on efficient ways to establish the property of deadlock-
freedom in interaction systems, i.e., techniques whose computational com-
plexity is guaranteed to be polynomial in the size of the input. The only
assumption that we make about interaction systems under analysis before-
hand is that they satisfy one of our architectural constraints which boils down
to that they have a disjoint circular wait free architecture. We thus exploit, as
mentioned in Chapter 4, the additional structure that is introduced among the
possible cooperations of the components in order to overcome the computa-
tional complexity of the decision problem of deadlock detection. However,
we know from Section 4.4.2 that we cannot hope for an efficient approach
that works for all such constrained interaction systems—unless P = PSPACE
is proven—but we nevertheless can derive sufficient conditions that imply
the deadlock-freedom for some of these systems and that are checkable in
polynomial time.

Before we go into the details of detecting deadlocks, we want to justify an
assumption that comes with all our architectural constraints, viz. the graph-
theoretical connectivity of the cooperation graph (cf. Definition A.6). What can
we say about deadlock-freedom if this is not the case? Interestingly, we can
already answer this question with results from earlier chapters. Suppose that
we already determined the graph-theoretical connected components of the
cooperation graph of a given interaction system Sys, which can be computed
in linear time in the size of the graph by starting a depth-first search for each
vertex contained in a different connected component and marking all vertices
that are found [144]. Let C; U ... U Cx = Comp be a partition of the set of com-
ponents with respect to these connected components—alternatively, we can
also use the component graph where the connected components directly corre-
spond to the sets Cy, ..., Cx. Now, we can successively decompose interaction
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system Sys with respect to these sets, i.e., we first consider the expansion
with respect to Proposition 3.21 where we get with G, = C; U ... U C and
Proposition 3.20:

Sys = Sys[C1 U Cax] = (Sys[C1] ® Sys[Cax)) \ Intetosed [C1 U Caxl-
12,k
The composition information Zc, c,, equals the tuple (©,®) (cf. Proposi-
tion 3.21) because otherwise, a component contained in C; cooperates with
a component contained in C; x and the set C; is thus not strictly contained in
a graph-theoretical connected component of the cooperation graph—if the
elements of C; are regarded as singletons.

Fortunately, for such a composition situation the requirements of Theorem 3.26
are satisfied, and we can conclude from this theorem that Sys is deadlock-
free if the two interaction systems Sys[Cq] and Sys[Cy ] are deadlock-free.
Note that the closing operator does not affect the deadlock-freedom of an
interaction system as a consequence of Proposition 3.17: Branching bisimilarity
with explicit divergence is a congruence with respect to this operator. For
interaction system Sys[C;], we know that its cooperation graph is connected,
i.e., we can tackle the system with an approach that is presented in this chapter
to establish its deadlock-freedom if it is also disjoint circular wait free. If it has
a tree-like architecture, we can also try to apply a result from Chapter 5. For
the other interaction system, Sys[C; ], we can repeat the idea from above and
further decompose the system into subsystems with respect to the connected
components of the cooperation graph.

Summarizing, the assumption of an architectural constraint that the coopera-
tion graph is connected is not a restriction with respect to deadlock-freedom,
because we can analyze appropriate subsystems as explained above to con-
clude the deadlock-freedom of the whole system.

Thus, we can now examine the property of deadlock-freedom more thoroughly
and safely assume that the cooperation graph is connected. As we mentioned
in Chapter 1, we here extend and earlier approach by Majster-Cederbaum and
Martens [180]. We come back to a comparison of the approaches in Section 6.4.
We proceed with observations about deadlocks that become the main idea
behind the approaches that we consider in this chapter.

6.1 Observations about Deadlocks

A deadlock typically induces a circular waiting among some components, i.e.,
for each components’ local state that is part of such a deadlocked global state
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we have that either all interactions « are blocked by another component that
participates in &, or the local state itself has no outgoing transition. Here, we
only consider the first case, i.e., we reasonably assume that the local behavior
of every component is “locally deadlock-free”: At least one outgoing transition
is present in any local state of the corresponding labeled transition system, i.e.,
we have Suc(s;) # @ for alli € Comp and s; € S; in a given interaction system
Sys. Note that this can easily be checked in polynomial time by traversing
each component’s behavior or by analyzing the subsystem Sys[{i}] for each
i € Comp for deadlock-freedom as in Chapter 2—remember that the definition
of a deadlock was given for an interaction system (cf. Definition 2.8).

We need to analyze the interactions that each local state wants to execute. The
next definition allows us to do this in a convenient way. We also define a
notion for states that corresponds to a first simple observation about deadlocks:
If a local state of a component is able to execute an interaction that merely
consists of a single action of the component, every global state where this local
state is part of cannot be a deadlock. We call such a state independent.

Definition 6.1 (Performability and Independence): Let Sys be an interaction
system. For a local state s; € S; of a component i € Comp, we put Int(s;) :=
{a € Int | Suc(s;, AiN«) # @} and say for an interaction « € Int(s;) that i
wants to perform « in s;. Moreover, local state s; is called independent if o €
Int(s;): compset(a) = {i}, otherwise s; is called dependent.

We want to mention that the state property of independence in Definition 6.1
is called “complete” and “incomplete” respectively in the work of Majster-
Cederbaum and Martens [180]. Originally, this notion was introduced by
Gossler and Sifakis [121] as a property of certain interactions (cf. the discussion
at the end of Section 2.1.2). However, we think that the name “independent”
is more intuitive for states. Next, we formalize the above mentioned circular
waiting observation about deadlocks.

Lemma 6.2 (Deadlock Properties): For every deadlock s in an interaction sys-
tem Sys, there is a set D C Comp such that the components in D can be ordered
in such a way that each component is waiting for the next one in a circular
way, i.e., each component i € D wants to perform an interaction & in its local
state s; of the deadlock (« € Int(s;)), but « is not enabled in s because the next
component is unable to perform it.

A formal proof of Lemma 6.2 can be found in Appendix F on page 261.

As mentioned in Chapter 4, architectural constraints are one approach to con-
strain circular waiting situations among the components. Such constraints are
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typically defined by means of undirected graphs, e.g., the component graph
(cf. Definition 4.1) or the cooperation graph (cf. Definition 4.4), which yield
constraints such as star-like, tree-like, or disjoint circular wait free architectures
(cf. Definitions 4.2, 4.3, and 4.6). The idea behind constraining the cooperation
among the components to be acyclic, i.e., considering star-like and tree-like
architectures, is that the absence of cycles in the graph reduces the presence
of circular waiting situations. For interaction systems, such an approach was
first taken by Majster-Cederbaum and Martens [179]. For other models of
component-based systems and concurrency, similar approaches can be found
in the literature [39, 49, 137]. However, as remarked in Section 4.2.2, with
such an acyclicity requirement, any cooperation of three or more components
induces a cycle in the corresponding graph, and thus disqualifies the system
for analysis. We thus extended the component graph to the cooperation graph
and derived the architectural constraint of disjoint circular wait freedom in
Section 4.2.2. Originally, this extension was invented by Majster-Cederbaum
and Martens [180] who demanded that the cooperation graph is acyclic. Here,
we dropped this requirement and admitted certain cycles in disjoint circular
wait free architectures.

We repeat our motivation of considering this potentially cyclic but disjoint
circular wait free architecture with respect to our observation about deadlocks
of this chapter. For ensuring deadlock-freedom, we have to consider any
way the components are able to cooperate. Lemma 6.2 shows that a dead-
lock induces a circular waiting among some of the components. Since these
components are also related in the cooperation graph, the superimposition of
the waiting and cooperation information allows us to exclude those waiting
situations where the reason of each single wait is completely independent
from the other ones. As we see in the next section, the exclusion of the above
mentioned waiting situations then allows for the establishment of a condition
for deadlock-freedom of the whole system by an analysis of small, fixed size
subsystems, which results in a polynomial-time bound of the approach.

In the following, we consider the database example introduced in Section 4.1
as our running example because, as we learned in Section 4.2.2, it has a disjoint
circular wait free architecture (cf. Figure 4.7 on page 94).

6.2 Exploiting Disjoint Circular Wait Free Architectures

Before we exploit disjoint circular wait free architectures of interaction sys-
tems, we formalize the idea behind the superimposition of the waiting and
cooperation information mentioned at the end of the previous section. As
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in Lemma 6.2, if we have a deadlock s in a given interaction system and a
component i wants to execute an interaction «, i.e., « € Int(s;), but one of the
other participating components j, i.e., {i,j} € compset(«x) and i # j, blocks
this execution, i.e., & & Int(sj), then we have a waiting situation: 7 waits for j
because of a. Now, for the mentioned superimposition, we consider a certain
path—called cooperation path in the following—in the cooperation graph that
corresponds to this waiting situation.

6.2.1 Cooperation Paths

The following definition of cooperation paths corresponds to the mentioned
superimposition of a waiting caused by a deadlock to the cooperation graph.
Please note that a formal definition of a path can be found in Appendix A.

Definition 6.3 (Cooperation Path): Let Sys be an interaction system, and let
Geoop = (V, E) be its cooperation graph which is assumed to be connected. A
finite path over Geoop is called cooperation path nffj for components i, j € Comp
and interaction a € Int with i # jand {i,j} C compset(a) if it connects the
corresponding vertices {i}, {j}, and compset(a) in Geoop, i-e., |7tf‘]] = k for
k€ N, nf,;[0] = {i}, 7 [k — 1] = {j}, and 7};[K'] = compset(a) for k' € N
with0 <k <k—1.

Figure 6.1 illustrates cooperation paths of the database example Syspg(n)
for n = 2 clients together with possible waiting situations. Note that the
specification of Syspp(#) was given in Section 4.1.

[ a = {granty, requesty }

B = {update,, write, }

VY
P N v = {commity, commity, commity }
(a1 (a2} = ({1}, {d,1}, {d})
N 20 ngg = ({d},{d,2},{2})

7y = ({2}, 14,2}, {4,1,2), {4,1}, {1})

Figure 6.1: Three cooperation paths of our running example Syspg(n) with
n = 2. Additionally, possible “waiting for” situations are shown as red dashed
lines, e.g., {1} -%» {d} means component 1 waits for component d because of
interaction a. Observe that each dashed line corresponds to the sequence of
edges of a cooperation path, e.g., {1} -*+ {d} corresponds to 7} ;.

Since we are interested in using cooperation paths to derive information
about interaction systems with a disjoint circular wait free architecture, we
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state three simple observations about cooperation paths between cooperating
components in the following lemma.

Lemma 6.4 (Cooperation Path Properties): Let Sys be an interaction system
and Geoop its cooperation graph which is assumed to be connected. For all
components i,j € Comp and interactions a € Int with i # jand {i,j} C
compset(a) exists a cooperation path 7} ; with the following properties:

1. Every vertex on the cooperation path is a subset of the set of components
participating in , i.e., Vv € 7};: v C compset(a).

2. Every vertex on the cooperation path except the ones that represent
components 7 and j contain at least two components, i.e.,, Vv € 77 ;: v #*
{i} Ao #{j} = ol 22

3. The cooperation path consists of at least three vertices, i.e., |7Tf‘j] > 3.

A formal proof of Lemma 6.4 can be found in Appendix F on page 261.

In the following, we only consider cooperation paths that have the properties
of Lemma 6.4. Observe that the proof of the lemma shows how such paths
can be constructed for all suitable pairs of components and interactions. In
the next section, we combine cooperation paths and our observations about
deadlocks made in Section 6.1.

6.2.2 Cooperation Paths and Deadlocks

We now use the information about deadlocks of Lemma 6.2 to conclude the
existence of a certain vertex in the cooperation graph. Intuitively, this vertex
provides the information that at least two components have to (partially) wait
for each other if the corresponding interaction system has a disjoint circular
wait free architecture but is not deadlock-free.

Lemma 6.5 (Common Vertex): Let Sys be an interaction system and Geoop =
(V,E) its cooperation graph. Assume that Sys has a disjoint circular wait
free architecture and contains a deadlock. There exist components i,j,k €
Comp and interactions w, f € Int with i # j, j # k, {i,j} C compset(«),
{j,k} C compset(p), and a # B such that two cooperation paths 7}; and 7'(]@, .
exist that have a vertex in common that does not represent a component, i.e.,
JveV:ivemn A UGﬂ.’ﬁk A o] > 2.

A formal proof of Lemma 6.5 can be found in Appendix F on page 262.
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Next, we combine our knowledge about cooperation paths from Lemma 6.4
and the existence of a common vertex in at least two such paths (if a deadlock
exists) of Lemma 6.5 in order to prove a condition that is checkable among two
components without considering whole cooperation paths, i.e., in the theorem
we do not need to access elements of the cooperation graph.

Theorem 6.6 (Common Interactions): Let Sys be an interaction system. As-
sume that Sys has a disjoint circular wait free architecture and contains a
deadlock s. There exist components i,j € Comp and interactions «, 8 € Int
with i # j, {i,j} C compset(«x), {j} C compset(B), a € Int(s;), « ¢ Int(s;),
B € Int(sj), and |compset(a) N compset(B)| > 2 (where s; and s; are the local
states of the components i and j in the global state s).

A formal proof of Theorem 6.6 can be found in Appendix F on page 262.

Theorem 6.6 offers a sufficient condition to verify the deadlock-freedom of
interaction systems. To see this, consider the negation of the statement of
the theorem, that we formalize as the following corollary. We also simplify
the statement such that we only need to consider one interaction & instead of
every pair of distinct interactions.

Corollary 6.7 (Absence of Deadlocks): Let Sys be an interaction system with
a disjoint circular wait free architecture. For component i € Comp and state
si € Sj, let coopset(s;) := Uyepm(s;) compset(a) \ {i} denote the set of compo-
nents that i wants to cooperate with in s;. If no two components i,j € Comp,
interaction a# € Int, and local states s; € S; and s; € S; withi # j, {i,j} C
compset(x), & € Int(s;), « ¢ Int(s;), and compset(a) N coopset(s;) # @ exist,
then Sys contains no deadlock.

A formal proof of Corollary 6.7 can be found in Appendix F on page 263.

In the next section, we address how we can use the sufficient condition stated
in Corollary 6.7 in an automated manner, i.e., how we can efficiently check
whether such components, interactions, and local states as stated in the corol-
lary exist. We also provide an example to illustrate this first deadlock analysis
result.

6.2.3 Problematic States and Deadlock-Freedom

We use the information provided by Corollary 6.7 to define the notion of
problematic states as follows that allows us to determine those components,
interactions, and states that are candidates for the sufficient condition of the
corollary.
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Definition 6.8 (Problematic States): Let Sys be an interaction system. For
component i € Comp, dependent local state s; € S;, interaction a« € Int(s;),
and component j € compset(a) \ {i}, we define PS;(s;, &) := {s; € S; |
a ¢ Int(s;) A compset(a) Ncoopset(s;) # @ A s;jdependent A (VB €
Int(s;) NInt(s;): compset(B) # {i,j}) A (si sj) reachablein [Sys[{i,j}]] }.

Please note that we incorporated two observations to refine these sets with
respect to Corollary 6.7: States are only problematic regarding deadlock-
freedom to each other if both states are dependent—otherwise, they can
execute a singleton interaction globally and thus are never involved in a
deadlock. Similarly, since we compute the behaviors of subsystems of size
two, if an interaction in which only components i and j participate in is enabled
in a state combination, it is also globally enabled. The second observation
concerns the reachability of state combinations: If the combination (s;, s;) of
two states is not reachable in the behavior of the subsystem consisting of the
components i and j, it is clear that this combination is not part of any reachable
global state. With this definition, we are able to state a sufficient condition for
deadlock-freedom that can be efficiently checked.

Theorem 6.9 (Deadlock-Freedom): Let Sys be an interaction system with a
disjoint circular wait free architecture. Sys is deadlock-free if for all compo-
nents i € Comp, dependent local states s; € S;, interactions a € Int(s;), and
components j € compset(a) \ {i} it holds that PS;(s;, &) = @.

A formal proof of Theorem 6.9 can be found in Appendix F on page 263.

As an example, we determine the problematic states of the database example
system Syspg(n) according to Definition 6.8. For state s3 € S, and all compo-
nents i,j € Comp \ {d} with1 <i,j < nandi # j and states s] € S;, we get
(all other combinations are empty):

PSi(Sﬁ, {updated, writel-}) = {511}, Psi(sél {informd, waiti}) _ {S}},
PSj(s},{commitd,...}) = {s;‘ |12 <k<wj+1}.

Note that these states are also intuitively problematic to each other, e.g., if
the database d is in state s3 and wants to inform client i which is already in
state s}, this is not possible because i does not offer its wait action in this state
and wants to cooperate with d. Since not all sets of problematic states are
empty, we cannot conclude deadlock-freedom for interaction system Syspg(n)
by means of Theorem 6.9.

But, lets take a look at our other running example, the merchandise manage-
ment interaction system Sysymvs. As we learned in Chapter 4, the system has
a disjoint circular wait free architecture (cf. Figure 4.5 on page 94). Now, if



6.2 Exploiting Disjoint Circular Wait Free Architectures 155

we compute the sets PS;(s;, «) for all components i € Comp, dependent states
s; € Sj, interactions a € Int(s;), and components j € compset(«) \ {i}, i.e., for
all appropriate pairs of the customer, management, and storage components,
we find out that no problematic states exist for Sysypvis. Thus, the deadlock-
freedom of interaction system Sysyvs is implied by Theorem 6.9.

Next, we take a closer look at the computational costs of applying Theorem 6.9
and derive an algorithm in order to be able to perform this task in an automatic
way and to understand why the application of the theorem is guaranteed to
be in polynomial time in the size of the input.

6.2.4 Algorithmic Treatment of Problematic States

In this section, we derive an algorithm that checks the condition of Theorem 6.9.
We show how the sets of problematic states can be determined in an automatic
way and address the computational costs of this operation. Clearly, in order to
check the condition of the theorem, we just need to search for one problematic
state since its existence implies that not all potential sets with respect to
Definition 6.8 are empty.

But first, we need to initialize the new attributes that were introduced in this
chapter, viz. the set Int(s), the set coopset(s), and the dependency for all local
states s of all components (cf. Definition 6.1 and Corollary 6.7), that are needed
to determine whether problematic states exist. Algorithm 6.1 provides this
initialization.

Algorithm 6.1 Initialization for the problematic states computation

PS-INITIALIZATION(Sys)

1 INITIALIZATION(Sys) // cf. Algorithm B.1 on page 211
2 for each component i € Comp

3 for each state s; € S;
4 s;.dependent = TRUE
5 si.Int = @
6 s;.coopset = @
7 for each interaction a € Int
8 if i € a.compset and not s;.Suc, ;j == D
9 siInt = s;.Int U {a}
10 s;.coopset = s;.coopset U a.compset
11 if |w.compset| ==
12 s;.dependent = FALSE

13 s;.coopset = s;.coopset \ {i}
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As we address in Appendix B, the runtime bound for the initialization al-
gorithm called in line 1 of Algorithm 6.1 is polynomial in the size of the
input interaction system. Since we afterwards loop once through all compo-
nents (cf. line 2) and local states (cf. line 3), and for each such state through
all interactions (cf. line 7), we also have polynomial runtime costs for Algo-
rithm 6.1.

Next, we need to examine all potential problematic state combinations which
is carried out by the following algorithm. In its first step, Algorithm 6.2 checks
wether the input interactions system has a disjoint circular wait free architec-
ture which is an assumptions of Theorem 6.9. We addressed this architectural
check in Section 4.3.2 of Chapter 4 where we learned that Algorithm B.6, which
is called in line 1 of Algorithm 6.2 and given in Appendix B, checks whether an
interaction system has a disjoint circular wait free architecture in polynomial
time in the number of components and interactions.

Algorithm 6.2 Check of the condition of Theorem 6.9
DEADLOCK-FREEDOM-CONDITION (Sys)

if not DCWE(Sys) // cf. Algorithm B.6 on page 218
return FALSE
PS-INITIALIZATION(Sys) // cf. Algorithm 6.1 on page 155

1

2

3

4 for each component i € Comp

5 for each state s; € S;

6 if s;.dependent

7 for each interaction « € s;.Int

8 for each component j € a.compset \ {i}

9 for each state s; € §;

10 if IS-PROBLEMATIC(Sys, ,5;, &, ], 5;)
11 return FALSE // — cf. Algorithm 6.3
12 return TRUE

Algorithm 6.3 Problematic state decision with respect to Definition 6.8

Is-PROBLEMATIC(Sys, i, 8, &, ], ;)

1 ifa ¢ s;.Int and not s;.coopset N a.compset == @ and s;.dependent

2 for each interaction § € s;.Int N s;.Int

3 if B.compset == {i,j}

4 return FALSE

5 (S¢ijp Z A= taex, S‘{)i,].}) = BEHAVIOR-TRAVERSAL(Sys[{i,j}])

6 return (s;,s;) € S;;jy  // < cf. Algorithm B.2, use hashing to cache
7 else return FALSE // results and avoid “double” computations.
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Algorithm 6.2 enumerates all combinations that possibly constitute a problem-
atic state, i.e., all dependent states s; and s; of components i and j respectively
and interactions « such that « € Int(s;) and j € compset(a) \ {i} holds (cf.
Definition 6.8). For each combination, Algorithm 6.3 on the facing page is
called in line 10 of Algorithm 6.2, which carries out the further checks.

Observe that the if-clause in the first line of Algorithm 6.3 corresponds to the
first three terms of the logical conjunction in the definition of PS;(s;, «) (cf.
Definition 6.8). If it is true, we check in lines 2—4 whether an interaction is
performable in both s; and s; where only components i and j participate in,
which means that the state combination (s;, s;) cannot be part of a deadlock.
Finally, we check the reachability of (s;, s;) in the subsystem consisting of the
components i and j in line 5. As we mentioned in Section 2.2 of Chapter 2,
Algorithm B.2, which is given in Appendix B, computes an interaction system’s
reachable global behavior and we can thus decide the reachability of (s, s;)
by checking whether it is contained in the state space of the labeled transition
system returned by Algorithm B.2. Observe that we treated all five terms in
the logical conjunction that defines a problematic state.

Now, we are interested in the computational costs of these algorithms. One call
of Algorithm 6.3 can be performed in O(|Int| + |Smax|? - |Int|) where the latter
summand corresponds to the costs of Algorithm B.2 for two components and
Smax denotes the largest local state space. We have to apply this algorithm to all
pairs of local states and interactions in the worst case, i.e., O(|Comp|? - | Smax|? -
|Int|) times. This means that Algorithm 6.2 has a polynomial runtime bound.
Thus, we derived an efficient approach according to the computational view
and our goals mentioned in Chapter 1. However, we can dramatically speed
up this computation by caching the results of the traversal of the subsystems,
which is indicated as a comment after line 5 of Algorithm 6.3.

In the next section, we further refine the information provided by problematic
states to also verify the deadlock-freedom of the database example.

6.3 Refinement: Problematic States Reachability

In the previous section, we saw that deadlock-freedom of the merchandise
management example Sysynvs can be concluded without constructing the
global behavior [Sysymws], but for the database example Syspg(n) the ap-
proach failed. Here, we refine the information provided by problematic states
where we use a similar observation on the reachability of global states as
Majster-Cederbaum and Martens [180]. We motivate this refinement by means
of the database example.
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Consider Syspg(n) with n = 2 and the global state (s},s?,53). We want

to exclude its reachability by only considering subsystems of size two. In
state s}j, component d wants to cooperate with client 1 and client 2, i.e,,
coopset(sl) = {1,2}—cf. Corollary 6.7 for the definition of the set coopset(s)
for a component’s local state s. Now, we take a look at [Syspg(2)[{d,1}]]
and see that the state (sl,s?) is only reachable by performing interaction
{grant,, request;} and analogously in [Sysps(2)[{d, 2}]], the state (s}, s3) is
only reachable by {grant,, request, }. Comparing these two interactions, we see

that they are not consistent, i.e., only one of them can be used to enter either

(s}i, s%,sg) or (s}i, scl), s%)

In the next section, we use this observation to exclude the reachability of
problematic state combinations in interaction systems that have a disjoint
circular wait free architecture and are deadlock-free.

6.3.1 Non-Interfering Backward Reachable Set and Entry Interac-
tions

Let Sys be an interaction system with a disjoint circular wait free architecture.
Assume that Sys is deadlock-free but we find problematic states. Consider
a (potentially reachable) global state s = (...,s;,...,sj,...,5,...), i.e., we
fix the three components i, j, and k and three of their local states that are
part of the global state s. From the point of view of component i, this global
state is a potential deadlock if i wants to execute, say, two interactions f;
and By, i.e., we have Int(s;) = {ﬁj, Br}, but s; and s; are problematic states,
ie,s; € PSi(s; Bj) and sy € PSi(s;, Bx) holds. Recall that we know from
Definition 6.8 that j € compset(;) and compset(;) N coopset(s;) # @ holds,
which means that component j in state s; also wants to cooperate with i or
with one of the components i wants to cooperate with in state s;, i.e., the
components i and j are or share cooperation partners in their states s; and s;.
The same observation can be made for component k and interaction .

We now use this observation to derive information about the reachability of the
global state s—similarly to the idea mentioned at the beginning of Section 6.3
for Syspp(2). We ask: How can the cooperation partners of the components
influence the reachability of the potential deadlock s (from the point of view
of component i)? Here, we mean by influencing whether the cooperation
partners are also involved on the way through the global behavior, i.e., in
interactions that lead to global state s (on a global execution path).

First, we want to exclude the situation that component i reaches state s; with-
out cooperating with one of its later cooperation partners, i.e., the components
contained in coopset(s;). In order to achieve this, we backwardly search i’s
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state space starting in state s; and only consider actions that are used in in-
teractions where i’s cooperation partners in s; have no influence on. In the
comparison of the interactions which lead to a certain global state, these states
can be reached as intermediate steps without affecting the reachability of a
state combination in question. We define this information as follows similarly
to the notion of “backward search” of Majster-Cederbaum and Martens [180]
which we here, as already mentioned in Chapter 1, adjust in order to work
without previously establishing the property of exclusive communication (cf.
Section 5.2).

Definition 6.10 (Non-Interfering Backward Reachable Set): Let Sysbe an in-
teraction system. We define the non-interfering backward reachable set (NBRS) of
a state s; € S; of a component i € Comp as the set of all states from which s;
is reachable without using actions that are (only) used for cooperation with
components that i wants to cooperate with in s;:
NBRS’(s;) := {s;}
NBRS'*!(s;) := {t; € S; | Ir; € NBRS'(s;): t; € Pre(r;, {a; € A; |
Ja € Int: a; € « A compset(a) N coopset(s;) = D})}
NBRS(s;) := | J NBRS'(s;)
IeN

where Pre(s;, A) denotes the A-predecessors of a state s; as introduced in
Definition A.2.

For instance, computing the NBRSs for the running example Syspg(n) yields
for all clients i and states s; € S;: NBRS(s;) = {s;} and for the states of the
database d:
NBRS(s)) = {39,571, NBRS(s
NBRS(s}) = {s}}, NBRS(s

) = {sfl}, and
) = {53,575 54,54} = Sa-

Here, the NBRS of state sg is d’s whole state space because in this state the
component only “cooperates” with itself. However, the NBRS of state s{
shows that for reachability concerns also combinations involving s have to
be considered since component d can transit from this state to s§ without an
influence of any cooperation partner.

QW AN

Thus, coming back to Sys and its global states = (...,s;, ..., Sjs e rSks - ), if
the components j and k can influence the reachability of i’s state s;, we have
to assume that NBRS(s;) N I; = @ holds, i.e., there is no initial state of i from
which s; can be reached without cooperating with component j or k.

With this additional assumption, we can now take a look at the paths leading
to pairwise state combinations, i.e., how can (s;, s;) and (s;, sx) respectively
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be reached—as we did for interaction system Syspg(2) and the global state
(s}i, s%, s%) at the beginning of Section 6.3. Since we have s; € PS;(s;, B;), we
know that compset(f;) N coopset(s;) # @ holds, which means that NBRS(s;)
contains all states from which the reachability of s; in j’s behavior cannot be
influenced by one of its cooperation partners in s; which are also cooperation

partners of component i in state s;.

Now, we search for the set of those interactions a such that a global state could
be reached where component i is in state s; and component j is in state s; and
no cooperation partner of i in state s; can influence this reachability after the
execution of such an . We define such interactions as follows.

Definition 6.11 (Entry Interactions): Let Sys be an interaction system. We
define the entry interactions (EI) of a state s; € S; of a component i € Comp and
astate s; € S; of a component j € Comp \ {i} as those interactions & € Int such
that an action a; of i, i.e., a; € A;, is used for cooperation with components
that i wants to cooperate with in s; and g; is also used in « to enter a reachable
state in the behavior of the subsystem of i and j from which the state (s;, s;)
can be reached without using actions that are (only) used for cooperation with
components that i (and j resp.) wants to cooperate with in s; (and s; resp.):

El(s;,sj) :={a € Int | 3a; € Aj: a; €
A (3B € Int:a; € B A compset(B) N coopset(s;) # D)
A (3 (ri,rj) € NBRS(s;) x NBRS(s;) 3 (t;tj) € Si x S;:
ti =i A ((la) = {a;} At —aL>j 1)V (jla) =
A tj=r;)) A (t,tj) reachable in [Sys[{i,j}]]) }.

Thus, if there is an entry interaction « € El(s;, s;) and it gets executed globally,
then a global state (...,s;, ..., Sjy .- .) can be reached afterwards and no coop-
eration partner of component i in state s; can influence this reachability once «
has been executed. We can proceed similarly for s; and s and also compute
EI(s;, sx). Now, if we find an interaction « that is contained in both of these sets,
ie, a € El(s;,s;) NEI(s;, s¢), we know that after the execution of « a global
state can be reached such that component i is in state s;, j is in state Sj, and k is
in state s; and no cooperation partner of i in s; can influence this reachability
after « has been executed. But conversely, i.e., if no such « exists, we can con-
clude that such a global state cannot be reached—however, if there is such an
«, we gained no additional information since it could be the case that no global
state is reachable where interaction « is enabled. But, this idea is a criterion
for excluding the reachability of problematic state combinations.

Summarizing, we exploit the above observations that we made for state s;
in Sys—similarly to Majster-Cederbaum and Martens [180]: In an interaction
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system with a disjoint circular wait free architecture, a state s; € S; of any
component i € Comp is only part of a global deadlock if all interactions « that i
wants to perform in s; are blocked by the corresponding cooperation partners,
i.e., for all such « € Int(s;) there is a component j € compset(a) \ {i} that is
in a state s; € S; where it does not want to perform g, i.e., « ¢ Int(s;) holds.
Thus, since we want to determine which entry interactions of s; may lead to
a state where « is not enabled, we take the union of all entry interactions of
problematic states of components participating in . Since this argument may
only result in a global deadlock if it holds for all interactions that s; wants to
perform, i.e., if there is an entry interaction that is part of the union as above
for all w € Int(s;), we compare these sets: In order to determine whether such
an interaction exists, we compute the intersection of all these unions.

In the next section, we formalize the above discussion.

6.3.2 Refined Condition for Deadlock-Freedom

The following theorem formalizes the discussion after the definition of the
entry interactions (cf. Definition 6.11) above. The first condition ensures that
we actually are able to perform the described comparison, because if a state can
be reached from an initial state without using actions that are (only) needed
for cooperation with its cooperation partners, we cannot rely on any entry
information of this state. Hence, we simply demand that no such state is
reachable, or otherwise, that no corresponding problematic state of another
component is also reachable in this way.

Theorem 6.12 (Refined Deadlock-Freedom): Let Sys be an interaction sys-
tem with a disjoint circular wait free architecture. For an interaction « € Int,
let cycleset(a) denote the set of cycle components that participate in « (cf.
Definition 4.6). If the following two conditions hold, then Sys is deadlock-free:

1. For all components i € Comp and dependent local states s; € S; it holds
that NBRS(s;) N S? = @ or there is an interaction « € Int(s;) such that
for all components j € compset(a) \ {i} holds (Useps, (s,a) NBRS(s;)) N
SY=0.

J

2. For all interactions & € Int with |[compset(a)| > 2 exists a component
k € compset(a) such that for all components i € cycleset(a) U {k} and
all dependent local states s; € S; holds

vé ) U U El(sisj).

BElnt(s;) jecompset(B)\{i} s;€PS;(s;pB)

A formal proof of Theorem 6.12 can be found in Appendix F on page 263.
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For enhanced readability, we use for a state s; of a component i and an interac-
tion B € Int the abbreviation PEI(s;, B) := Ujccompset(p)\{i} Us;ps;(s:,6) El(s;, s;)
for the union of entry interactions, which we call the problematic entry interac-
tions, and IPEI(s;) := Ngeju(s;) PEI(s;, B) for the corresponding intersections,
which we call the intersection of problematic entry interactions.

We continue with the database example Syspg (1) where we get for compo-
nent d and all components i € Comp \ {d} (all other sets are empty):

PEI(s3, {updatey, write;}) = PEL(s3, {informg, wait; } )
= Un<j<n {{informy, wait;}, {updatey, write;} },
PEI(S},{commitd, commity, ..., commit,}) = {{informd, wait; },

{updatey, write; } }.

These problematic entry interactions correspond to the intuition, e.g., the entry
interactions EI(s3, s} ) of state s of d and state s} of a client i are that d informs
the client or updates its database with the value provided by the client.

This results in the following intersections: For alli € Comp \ {d} and s! € S;,
we get (all other sets are empty):

IPEI(s}) = {{inform, wait;}, {updatey, write;} }.

Now, we see that for all s; € S, the set IPEI(s;) is empty. Since component d
participates in every interaction « € Int with |compset(a)| > 2, cycleset(a) =
{d} holds, and « ¢ IPEI(s;) for all s;, the second condition of Theorem 6.12
holds. Note that also the first condition holds, since for all dependent local
states s; of all components i € Comp holds NBRS(s;) NS = @—except for
state 32. But for this state, we learned in Section 6.2.3 (after the statement of
Theorem 6.9) that all problematic state sets are empty, i.e., PSi(sg, a) = @ for
all suitable components i and interactions «, which makes the first condition
true for all dependent states. Thus, we can conclude that Syspg(n) is deadlock-
free.

Next, we take a closer look at the computational costs of applying Theo-
rem 6.12 and derive an algorithm in order to be able to perform this task in
an automatic way and to understand why the application of the theorem is
guaranteed to be in polynomial time in the size of the input.

6.3.3 Algorithmic Treatment of the Refined Condition

In this section, we derive an algorithm that checks the two conditions of Theo-
rem 6.12. We show how the sets of interesting problematic entry interactions
can be determined in an automatic way and address the computational costs
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of this operation. First, we need to initialize the new attributes that were
introduced in the previous section, viz. the set NBRS(s), the non-interfering
backward reachable set, of all component’s local states s (cf. Definition 6.10).
Algorithm 6.4 provides this initialization.

Algorithm 6.4 Computation of the NBRS with respect to Definition 6.10

NBRS-COMPUTATION(Sys)

1 PS-INITIALIZATION(Sys) // cf. Algorithm 6.1 on page 155
2 for each component i € Comp
3 for each state s; € S;

4 NBRS-Actions = @
5 sj.coop-Actions = @
6 for each interaction « € Int
7 if i € a.compset
8 if a.compset N s;.coopset == @
9 NBRS-Actions = NBRS-Actions U «.i
10 else s;.coop-Actions = s;.coop-Actions U .1
11 s;. NBRS = © // — The coop-Actions of a state s; are those
12 current = {s;}  // actions a; € A;suchthat 3B € Int: a; € B
13 repeat // N\ compset(B) N coopset(s;) # .
14 s;.NBRS = s;.NBRS U current
15 found = @
16 for each state t; € current
17 for each action a € NBRS-Actions
18 found = found U t;.Pre,
19 current = found \ s;. NBRS
20 until current == @

We learned in Section 6.2.4 of this chapter that the runtime bound for Algo-
rithm 6.1 called in line 1 of Algorithm 6.4 is polynomial in the size of the input.
After the initialization, we loop for each component and each of its local states
through all interactions to determine the set of actions that are needed for
the NBRS computation, i.e., all actions a; € A; for a component i and one of
its states s; such that 3a € Int: a; € & A compset(a) N coopset(s;) = @ (cf.
Definition 6.10). Here, we can directly store the non-NBRS actions because
they are needed later for the computation of the entry interactions (cf. the com-
ment in lines 11-13 of Algorithm 6.4). After the treatment of the actions, we
then compute the NBRS for each state where we just have to traverse the state
space backwardly using only the actions computed in the previous step. Over-
all, these nested loops run in time O(|Comp| - |Smax| - (|Int| + |Smax| - [Amax]|))
where Smax and Amax denote the largest local state space and action set respec-
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tively. We here assume that computing the set containment in line 7 and the
set intersection in line 8 can be carried out in constant time, otherwise a factor
of |Comp| needs to be added to the upper bound. Thus, the whole runtime of
Algorithm 6.4 is polynomial in the size of the input.

With this initialization, we can now compute the sets IPEI(s;) and PEI(s;, «)
respectively for a state s; € S; of a component i and an interaction a € Int,
which allow to check the conditions of Theorem 6.12. Algorithm 6.5 on the
facing page provides this computation.

The algorithm is called with an interaction system Sys. In the first step, cf.
line 1 of Algorithm 6.5, we check wether the input interaction system has a
disjoint circular wait free architecture which is an assumption of Theorem 6.12
and which can be decided in polynomial time (cf. Section 4.3.2). We already
discussed above that the initialization that is then called in line 2 also runs
in polynomial time. In lines 3-33, we compute the set i.dependent-States-IPEI
for each component i € Comp. This set corresponds to the union of the sets
IPEI(s;) of all dependent local states s; of the current component i. We compute
these sets in lines 5-33 where we check in parallel with the variable cond-one
whether the first condition of Theorem 6.12 holds for each dependent local
state. In line 9, we check wether an initial state of the current component is
contained in an NBRS, i.e., we check whether the first part of the first condition
of the theorem holds. Since we now have to compute consecutive intersections
of sets of interactions, we initialize the set IPEI with the set of all interactions
in line 10.

Next, we examine all performable interactions with respect to the current
local state in lines 11-31, i.e., we start computing the sets PEI(s;, «) of all
dependent states s; € S; of a component i € Comp and interactions « € Int
that are performable in s;, i.e., « € Int(s;) holds. We now have to compute the
problematic states of all components j € compset(a) \ {i}, which we consider
in lines 14-27. For each local state s; of such a component j (cf. lines 16-27) we
call Algorithm 6.3 in line 17 to decide whether Sj is problematic, i.e., whether
s; € PS;(s;,a) holds. If this is the case, we collect the NBRS of such a state
s; in the set PS-NBRS that collects the states that we need to check for the
second part of the first condition of Theorem 6.12. Note that the final check is
performed in line 28 after this collection has been finished.

At this point of the algorithm, we can compute the entry interactions for
the pair of states (s;,s;). We loop trough all interactions g € Int in lines 19~
27 and such a B is a potential entry interaction if component i participates
in it and no NBRS action with respect to state s; is an element of . This
works because the NBRS actions are those actions a; € A; of component
i such thata; € B A compset(p) N coopset(s;) = @ (for all B) holds (cf.
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Algorithm 6.5 Check of the conditions of Theorem 6.12

REFINED-DEADLOCK-FREEDOM-CONDITION(Sys)
1 if not DCWEF(Sys) then return FALSE // cf. Algorithm B.6 on page 218

2 NBRS-COMPUTATION(Sys) // cf. Algorithm 6.4 on page 163
3 for each component i € Comp
4 i.dependent-States-IPEI = @  // We collect the sets IPEI(s;) for all
5 for each state s; € S; // dependent states s; of component i.
6 IPEI = @ // for the set IPEI(s;) = Ngepn(s;) PEI(si, B)
7 if s;.dependent
8 cond-one = TRUE // First condition of Theorem 6.12
9 if not s;. NBRS N S? == @ then cond-one = FALSE
10 IPEI = Int
11 for each interaction « € s;.Int
12 PEI = @ // for PEI(s;, &) = Ujecompset(a)\{i} Us;eps;(s;,) EL(5i,5})
13 cond-one-interaction = TRUE // Second part the first condition
14 for each component j € a.compset \ {i}
15 PS-NBRS = @ // for the set Us,eps; (s,) NBRS(s;)
16 for each state s; € S;
17 if IS-PROBLEMATIC(Sys, i,s;, &, j, sj) // cf. Algorithm 6.3
18 if not cond-one then PS-NBRS = PS-NBRS Us;.NBRS
19 for each interaction B € Int
20 if not B N s;.coop-Actions == @ // cf. line 10 of Alg. 6.4
21 for each (t;,t;) € 5;.NBRS X 5, NBRS
22 Predecessor = {t;}
23 if j € B.compset then Predecessor = t;.Preg ;
24 (S¢ij}---) = BEHAVIOR-TRAVERSAL(Sys[{i, j}])
25 if not (t;. Preg ; X Predecessor) N Sy; i == @
26 PEI = PEIU{B}
27 break
28 if not cond-one and not PS-NBRS N S? =0Q
29 cond-one-interaction = FALSE
30 IPET = IPEIN PEI
31 if not cond-one and cond-one-interaction then cond-one = TRUE
32 if not cond-one then return FALSE
33 i.dependent-States-IPE] = i.dependent-States-IPEI U IPEI
34 Cycle-Comp = CYCLE-COMPONENTS(Sys) // cf. Algorithm B.7 on page 219
35 for each interaction a € Int
36 if |o.compset| > 2
37 contained = TRUE
38 for each component i € «.compset
39 if not a € i.dependent-States-IPEI then contained = FALSE; break
40 for each component i € «.compset N Cycle-Comp
41 if « € i.dependent-States-IPEI then contained = TRUE; break
42 if contained then return FALSE

B
[68)

return TRUE
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Definition 6.10 and line 8 of Algorithm 6.4). Thus, for the other actions a;
holds a; € B A compset(p) N coopset(s;) # @ (for all B) as required by
the definition of the entry interactions (cf. Definition 6.11). Observe that we
already computed these actions and stored them in the set s;.coop-Actions (cf.
the comment in lines 11-13 of Algorithm 6.4). According to Definition 6.11,
we now have to determine whether a reachable state exists in the behavior of
the subsystem of both components such that i’s action in j is used to enter
a state after which only NBRS actions are used in appropriate interactions
until the state combination (s;, s;) is reached. We carry this determination
out in lines 21-27 straightforwardly to Definition 6.11. The computation in
line 24 of the reachable global behavior of the interaction system Sys[{i,j}]
for the reachability check was already discussed for the problematic states
(cf. the analysis of Algorithm 6.3 in Section 6.2.4). Here, a hash table should
be used to cache results and avoid “double” computations of the behaviors
(both, in this computation and in the computation of the problematic states).
However, there is no exponential blowup in the computational complexity if
we do not cache results. Finally, we can update the set IPEI in line 30 with the
potential entry interactions for the current state. At this point, we can check in
line 32 wether the first condition of Theorem 6.12 holds and answer the check
of the whole condition negatively if it is violated by the currently considered
dependent states.

Now, after the loop over the components is finished (cf. lines 3-33), we de-
termined for each component the union of the sets IPEI(s;) of all dependent
local states s; of the component i and know that the first condition of Theo-
rem 6.12 holds. Thus, we need to consider the second condition as well. First,
we compute the cycle components of Sys in line 34 by calling Algorithm B.7,
which is given in Appendix B and whose runtime is linear in the size of the
cooperation graph as we discussed at the end of Section 4.3.2. Second, we treat
in lines 35-42 each interaction where at least two components participate in.
In lines 38-39, we check whether there is a component such that the currently
considered interaction is not contained in the collection of entry interactions
of the components. In lines 40—41, we ensure that all cycle components do not
contain the interaction in question in their collection of entry interactions that
potentially lead to a problematic state. After the check of all interactions, we
can finally decide whether the second condition of Theorem 6.12 holds.

This brings us to the question of the overall runtime of Algorithm 6.4. From
the detailed discussion above we know that we loop once through all local
states of all components, and in each loop we consider at most all interactions
and all participating components and their local states. If such a local state
is a problematic state, which can be decided in O(|Int| + |Smax|? - |Int|) time
where Smax denotes the largest local state space (cf. Algorithm 6.3), we com-
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pute the entry interactions: We loop through all interactions and check for
all suitable (with respect to Definition 6.11) pairs of NBRS states whether
they are reachable in a subsystems of size two, which overall consumes
O(|Int| - |Smax|? - |Smax|? - |Int|) time (the latter two factors correspond to the
computation of the global behavior of the subsystem of size two). Thus, since
we call the problematic state check and the entry interactions determination at
most O(|Comp|? - |Smax|? - |Int|?) times, we have an overall polynomial time
bound of our approach.

As we already mentioned above, we can speed up parts of the computation if
we use a hash table to store already computed sets of reachable states of the
relevant subsystems of size two for both, the problematic state and the entry
interaction computation, i.e., overall we only need to perform at most |Comp|?
reachability analyses bounded by O(|Smax|?). In this case, the overall runtime
bound is O(|Comp|? - |Smax|* - |Int[*). However, the approach is much faster
since in typical instances not all components participate in all interactions. We
address this observation by an evaluation of our approach with respect to a
prototype implementation in Section 6.5.

But first, we take a look at related work in the following section.

6.4 Related Work

First and foremost, as we already mentioned several times above, our ap-
proach presented in the previous sections is inspired by an approach of
Majster-Cederbaum and Martens [180], which itself is an extension of an
earlier approach by the authors [179] and whose formal proofs can be found in
the dissertation of Martens [190] and in a journal version [181]. As we pointed
out in Chapter 4, Majster-Cederbaum and Martens [180] define a similar graph
as our cooperation graph and require for their architectural constraint that this
graph is a tree in the graph-theoretical sense. This constraint structures the
cooperations among the components and reduces the possibility of waiting
situations. Here, we extended this idea and admitted certain cycles in our
disjoint circular wait free architectural constraint (cf. Definition 4.6).

The authors make a similar observation regarding problematic states and de-
fine a notion called “backward search” that is comparable to our notion of the
non-interfering backward reachable set of a component’s state. However, for
the latter notion and thus also for their following results regarding deadlock-
freedom, Majster-Cederbaum and Martens [180] require that an interaction
system has strongly exclusive communication—as we discussed in Section 5.2
of Chapter 5. We showed in the referenced section that this property can be
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established for a given interaction system in polynomial time—and also find a
similar result by Majster-Cederbaum and Martens [180, Lemma 1]—without
modifying the global behavior of the interaction system under analysis in a
severe way with respect to deadlock-freedom. Furthermore, we here showed
how we can drop this requirement completely by comparing more information
in our entry interactions (cf. Definition 6.11) than Majster-Cederbaum and
Martens [180] in their corresponding entry information called “problematic
actions” [180, Definition 9]. We never assumed exclusive communication and
thus improve their approach by avoiding a polynomial-time preprocessing
step that possibly enlarges the behavior of the components for the verifica-
tion process. We demonstrate the effect of this avoidance by means of an
experimental evaluation in the following section.

Summarizing, for interaction systems which already have strongly exclusive
communication and a cooperation graph that is a tree in the graph-theoretical
sense, the two approaches coincide, i.e., our Theorem 6.12 and Proposition 1
in the paper by Majster-Cederbaum and Martens [180]. Thus, our result
from this chapter is a generalization of all previous approaches that exploit
the architecture of interaction systems to establish the property of deadlock-
freedom in polynomial time.

We want to mention that Martens [190, Definition 3.4.1] presents a further re-
finement for the set of problematic states. However, Becker [32, Example 3.5.2]
already showed that this refinement cannot be used in interaction systems
with a disjoint circular wait free architecture because it depends on a property
that can only be found when the architecture is a tree in the graph-theoretical
sense. To be more precise, if the cooperation graph is a tree and a deadlock is
present in the corresponding interaction system, then for every two consecu-
tive interactions that are part of a circular waiting situation as in Lemma 6.2
it holds that the intersection of the sets of participating components contains
at least two components. Note that in the disjoint circular wait free case,
we can only show the existence of two such interactions (cf. Lemma 6.5 and
Theorem 6.6 respectively). In the tree-like case, one can then conclude that for
all components involved in the circular waiting situation, certain problematic
states exist. This is unfortunately not the case in situations where a vertex
representing a component lies on a simple cycle in the cooperation graph, i.e.,
if the architecture is disjoint circular wait free but not tree-like (with respect to
the cooperation graph).

As we already discussed in Section 5.5, acyclic architectures are also exploited
for the verification of deadlock-freedom in the work of Bernardo et al. [39]
and Hennicker et al. [137]. Remember that both approaches rely on behavioral
equivalences among certain key components in the architecture, i.e., if the
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behavior of such a key component is not influenced by the cooperation with the
remaining components (which is checked with weak bisimilarity), the question
of deadlock-freedom is answerable by only looking at the behavior of the key
component. Apart from the fact that such equivalences can be found in many
systems and that we also considered a comparable approach in Chapter 5,
however also numerous examples with no behavioral equivalences at all
exist modeling realistic scenarios that are still verifiable with our approach
presented in this chapter, e.g., such an example with respect to the work
by Bernardo et al. [39] can be found in [180, Figure 4]. For a more detailed
discussion of the two approaches, we refer to Section 5.5.

The work of Brookes and Roscoe [49] considers tree-like networks in the
context of CSP [141] restricted to binary communication. For such networks,
the authors additionally require that cooperating components (or processes in
this case) have at most one cooperation partner in every state. This directly
allows to imply the deadlock-freedom of the whole network by an analysis
of all cooperating pairs of components. However, for networks without this
additional property, a tedious case analysis is required to exclude certain
waiting situations among the components. For a more detailed comparison of
this approach with respect to interaction systems, we refer to the dissertation
of Martens [190, pages 68—69 and pages 93-94].

For interaction systems, also several approaches for proving deadlock-freedom
exist, e.g., Bensalem et al. [34-36] worked in the context of BIP [30] (for which
interaction systems are a theoretical model). Their approach is based on find-
ing invariants for the components, which must be provided for each property,
and for the interactions, which are computed automatically. Unfortunately,
according to Bensalem et al. [36], for this computation “there is a risk of ex-
plosion, if exhaustiveness of solutions is necessary in the analysis process.”
Although the authors mitigate this risk by using BDDs, the explosion risk
remains and thus, this approach is not guaranteed to be polynomial in the
number and size of the components and interactions which is an important
property of our approach, e.g., the conditions of Theorem 6.12. But, their ap-
proach is applicable in situations where no architectural constraint is present
and moreover, it also could benefit from the ideas presented in this chapter (in
case the system has a disjoint circular wait free architecture) in the following
way. In order to prove deadlock-freedom, a special predicate called DIS is
constructed in [36] which characterizes the set of all deadlock situations. Now,
if our architecture is present, we can use ideas from this chapter to refine this
predicate, i.e., exclude those situations whose global reachability can be re-
futed by a comparison of entry interactions. Moreover, components for which
we find no problematic states can potentially be neglected in the analysis
process.
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A further approach for interaction systems that is guaranteed to be checkable
in polynomial time is presented by Majster-Cederbaum et al. [187]. The
authors compute an over-approximation of the set of reachable states of an
interaction system’s global behavior by projecting it to certain subsystems
(similarly to our subsystem construction operator, cf. Definition 3.18) of a
fixed size d. Here, parameter d is the size of the set of components that
constitute a subsystem and is understood as a parameter that adjusts the
quality of the over-approximation: The larger the parameter, the more precise
the approximation. But, the approach is exponential in this parameter and thus
only feasible for small d. The authors then check a sufficient condition on the
over-approximation that excludes a waiting scenario where three components
are waiting in a row which could be a part of a circular waiting situation
among the components. However, Majster-Cederbaum and Martens [179]
point out that their deadlock analysis for tree-like interaction systems already
is more powerful for interaction system satisfying their architectural constraint
(where all interactions are binary), which thus also holds for our approach
in this case. But, it is still an open question how these approaches generally
compare to each other, e.g., whether the over-approximation approach applied
in interaction systems with a disjoint circular wait free architecture can verify
the property of deadlock-freedom but our Theorem 6.12 fails.

The above mentioned over-approximation can be further refined by a tech-
nique called “cross-checking” of Majster-Cederbaum and Minnameier [184]
that compares subsystems that overlap with respect to the set of constituting
components to check the reachability of states. For instance, if a state (s1, 52, 53)
is reachable in a certain subsystem consisting of components 1, 2, and 3 but
in another subsystem consisting of components 1, 2, and 4 no state (s1, 52, 54)
for any s4 is reachable, then no global state can exist where s; and s, are part
of. Thus, the state (s1,s2,53) can be excluded from the subsystem, which
corresponds to a refinement. For a further discussion of this approach, we
refer to the dissertation of Minnameier [205, Section 6.5]. A similar refinement
with respect to the transitions is proposed by Semmelrock [241].

6.5 Implementation and Experimental Evaluation

We evaluate our deadlock-detection approach, viz. Theorem 6.12 and its im-
plementation in Algorithm 6.5, with respect to interaction systems that can be
parametrized such as the database example Syspg(n). We compare a prototype
implementation of Algorithm 6.5 (cf. page 165) with an implementation of Al-
gorithm B.2 (cf. page 213) that constructs the global behavior of an interaction
system to search for deadlocks as discussed in Section 2.3.1.
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Moreover, as mentioned in the previous section, the approach of Majster-
Cederbaum and Martens [180] requires that an interaction system has strongly
exclusive communication and that its cooperation graph is a tree in the graph-
theoretical sense. Here, we also evaluate the first assumption. In Section 5.2
of Chapter 5, we discussed how (strongly) exclusive communication can be
enforced in an interaction system as a pre-processing step in polynomial time
(cf. Algorithm B.8). However, although the global behavior of the resulting
interaction system is isomorphic up to transition relabeling (cf. Lemma 5.6),
the local behavior of the components is modified by adding fresh actions
and transitions. An interesting question now is how this addition affects
the runtime of Algorithm 6.5 with respect to our implementation. We thus
transformed each of the following example interaction systems into a version
with strongly exclusive communication and also evaluated the new system
with respect to our approach in order to make this effect visible—the transfor-
mation time is, of course, not counted as verification time. We are interested
in this effect since we showed in this chapter that the property of strongly
exclusive communication is not necessary for deadlock detection, and we are
thus interested in the time savings that our approach allows for.

Since we also evaluate an algorithm which constructs the global behavior, we
can use its output to determine the exact size of our examples, i.e., the number
of states and transitions. However, due to the size of the corresponding labeled
transition systems we only give these numbers in a logarithmic scale.

We shortly address some key aspects of our implementation. All algorithms
are implemented in the C++ programming language and they use a common
framework that allows to treat interaction systems as data structures from
the C++ standard library. We use one (external) library for the representation
of labeled transition systems. This library implements the concept of binary
decision diagrams that were introduced by Lee [169] to represent switching
functions and further developed together with efficient manipulation algo-
rithms by Bryant [55]—to be more precise, he studied reduced ordered binary
decision diagrams which are commonly referred to as binary decision di-
agrams, or BDDs for short, nowadays. The encoding of labeled transition
systems as binary decision diagrams was proposed by Burch et al. [57] which,
to quote Baier and Katoen [23, Section 6.7.2], was “the milestone for sym-
bolic model checking” and enabled the analysis of large and realistic systems.
Here, we use the implementation of binary decision diagrams available in the
BuDDy library! (version 2.4) as an efficient data structure to store and manip-
ulate the behavior of the components and the global behavior in interaction
systems.

lhttp://buddy.sourceforge.net/
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The algorithms and our framework were compiled using the C++ compiler
from the GNU Compiler Collection? (g++ (Debian 4.4.5-8) 4.4.5) with the “-03”
optimization switch turned on. All experimental evaluations were executed on
a standard personal computer system with an Intel Core 2 Duo E6320 processor
with a clock speed of 1.86 GHz and 4 GB of main memory running Debian’s?
precompiled kernel (version 2.6.32-5-amd64) and no further processor- or
memory-intensive processes other than our evaluation program.

In the following, we first consider a parametrized extension of the merchandise
management example, then evaluate the database example, and finally take a
look at a further interaction system modeling a typical banking scenario. In
each case, we first formally introduce the interaction system (with appropriate
references to earlier sections if we already did so), formally analyze the system
with respect to Theorems 6.9 and 6.12, and then apply our experimental
evaluation sketched above.

6.5.1 Parametrized Merchandise Management Interaction System

In Chapter 3, we used our running example, the merchandise management
system, as an illustration for our composition operator, where we composed
the original system Sysypvs with an additional management and customer
component to yield the system Sysﬁ%v[s ; more precisely, an interaction system
consisting of the three original components and two new components (cf.
Figure 3.2 on page 65). Here, we further extend this composition: We add n
management components (with attached customer components) to a single
storage component. However, we do not specify the system as an n-ary

composition operation but directly.

Thus, we define interaction system Syspara-vms () where n € IN '\ {0} as:

Comp = | {ci,mi} U{s},
1<i<n

A, = {abort.,,ask.,, buy.,, refund., } for1 <i <,

Ay, = {cancel,,, deliver,,., ordery,,, paym,, printy, , reimburse,,,, releasey,,,
reservey, } for1 <i <mn,

Ag = {mark,, unmarks, ships },

Int = U {{abortci,cancelmi}, {ask,,, ordery, }, {buyc,, paym, }, {deliver,,,, ships},

1<i<n

{print,, }, {refund.,, reimburse,,, }, {release,,,, unmarks}, { reserve,,,, marks} },

2http://gcc.gnu.org/
Shttp://www.debian.org/
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Intgosed = U {{printmi}}'

1<i<n

The behavior of the components is defined as follows. For each management
component m; with 1 <i < n we take the labeled transition system depicted
in Figure 2.3 (cf. page 23) but add an mdex viz. the variable i, to all transition
labels (and states), e.g., the transition s, MM 1 becomes 5!, Mm, S,
We proceed analogously for the behavior of each customer component Ci,
where we use the labeled transition system depicted in Figure 2.4 (a) (cf.
page 24). For the storage component s, we use the labeled transition system
depicted in Figure 2.4 (b) (cf. page 24) without any relabelings. Observe that
the interaction systems Sysymvs and Syspara-mms(1) are identical up to the

superscript of the components m/m; and c/c; respectively.

Now, suppose we want to establish the deadlock-freedom of Syspara-mms (1)
in an efficient way, i.e., without computing the global behavior. We apply
Theorem 6.9 of this chapter, i.e., we have to compute the problematic states
with respect to all components” local states, performable interactions, and
cooperation partners. Forall 1 < i < n, we get (all other sets are empty):

PS,(sy,., {reserve,,, marks}) = {si},

Sy, {delivery,, ships}) = PSs(sy, , {release,,, unmarks}) = {s2},
PSm,.(sg, {reserve,,, marks}) = {sy, s, }, and
PS,,, (si, {deliver,,, ships}) = PSy,(s3, {releasey,, unmarks}) = {s}, }.

However, the non-emptiness of the above sets means that we cannot conclude
deadlock-freedom with Theorem 6.9. But, we can refine the problematic state
information via reachability analyses, i.e., apply Theorem 6.12. First, we have
to compute the NBRSs. For all components j € Comp and states s; € S;, we
have NBRS(s;) = {s;} except for the five states s), ,s2 55,5y, 55, of every
management Component m; with 1 < i < n where we have: NBRS(S%I,) =
(55, 55,555 5%}, NBRS(3,) = (s}, 58}, NBRS(sh,) = {5, 55,,5%,},
NBRS( ,-) = {smi, 6.} and NBRS(S%I_) = {s2,., S/ Sm. }-

Then, we compute the interesting entry interactions (cf. Definition 6.11) with
respect to Theorem 6.12. For all 1 < i < n, we get (all other sets are

empty):
PEI(sY, {reserve,,,, marks})
= Ui<jcn,jzi {{deliverm,., ships}, {release,;, unmarks } 3,
PEI(s!, {deliver,,, ships }) = PEI(s}, {release,,,, unmarks})
= Un<jn jzi { {reserve,,, marks} }, and
PEI(sy, , {reservey,, marks}) = {{ask.,, ordery,} }.
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For all components j € Comp and states s; € S;, we have IPEI(S]-) = Q,1ie.,
the second condition of Theorem 6.12 holds. Now, also the first condition
holds since for all dependent local states s; of all components j € Comp holds

NBRS(s;) N S? = @—except for the initial states of all components, viz. s,

s?nl_, and sg for 1 < i < n, for which we have to show that the second term
of the first condition holds, i.e., for all these states s;, we have to find an
interaction « € Int(s;) such that for all components k € compset(a) \ {j}

holds (Us,cps, (s;«) NBRS(s¢)) N SY = @.

For state sg, we can pick interaction {reservemi, marks} for any 1 < i < n be-
cause {reservey,, marks} € Int(s?), compset({reserve,,, marks}) \ {s} = {m;},
and we have PS,, (s?, {reserve,,, mark;}) = {s}, ,s5 } but both NBRS(s, ) N
SY,. = @ and NBRS(s,) N'Sh, = @. Observe that for the states s, and s?
with 1 <i < n, all problematic state sets are empty, i.e., PS(s), , &) = @ and
PSk(sg_, a) = @ for all suitable components k and interactions «. Thus, the first

condition holds for all these states.

Now, we can conclude the deadlock-freedom of Sysparamms(7) for all n €
IN \ {0} because both conditions of Theorem 6.12 hold. Next, we take a look
at the experimental evaluation of this system.
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Figure 6.2: Evaluation of the parametrized merchandise management system

Figure 6.2 depicts the experimental evaluation of Syspara-Mms(71) for parame-
ter n ranging from 1 to 1000. From the comparison of the three runtimes in
Figure 6.2 (a), we see that our conditional approach without requiring strongly
exclusive communication is the fastest. Observe that around n = 770, our
evaluation system gets low on memory to compute and store the global behav-
ior as a binary decision diagram. The global state space of [Syspara-nmms(770)]]

has approximately the size of 10?*° states which demonstrates the power of
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the symbolic representation, i.e., we cannot store such a huge number with an
explicit representation of the states.

Nevertheless, our approach can verify the deadlock-freedom of the inter-
action system Syspara-Mms(1000) in under 3 minutes where the global state
space analysis needs approximately 2.86 hours. Note that the corresponding
labeled transition system consists of more than 10%% states and more than
10%%7 transitions (cf. Figure 6.2 (b)).

We can also conclude that the property of strongly exclusive communication
clearly influences the verification time, although the differences for n = 1000
are small, i.e., the non-exclusive version completed in 162.07 seconds whereas
the strongly exclusive one needed 229.7 seconds. However, a trend is observ-
able that this difference gets bigger for larger systems.

6.5.2 Database Interaction System

We already discussed our conditions for deadlock-freedom with respect to
Syspp(n) (n € IN'\ {0}): In Section 6.2.3 we treated Theorem 6.9, which failed,
and in Section 6.3.2 we applied Theorem 6.12, which succeeded, i.e., Syspg (1)
is deadlock-free. Now, we also evaluate this system. Figure 6.3 depicts the
verification time and global behavior size for Syspp () for various numbers of
clients, i.e., the parameter 1, where we set the parameter to w; = i.
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Figure 6.3: Evaluation of the database system

Observe that we stopped to evaluate our global-behavior-based deadlock
detection approach for n = 370 (which can be seen in Figure 6.3 (b) where
the size is only plotted up to n = 370). For this system, the evolution already
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took more than 24 hours, where our approach from this chapter completed
in under 4 hours. For n = 400, the deadlock-freedom was established in
5.5 hours.

If we compare the size of the global behavior of Syspg(n) as depicted in
Figure 6.3 (b) with the size of the global behavior of the previous example
Syspara-mms (1) (cf. Figure 6.2 (b)) there seems to be a curiosity: We can com-
pute a labeled transition system of more than 10°% states in case of the latter
system, but give up for Syspg(n) for n = 370 although the corresponding
global behavior only consists of approximately 10!!° states which is several
orders of magnitude smaller. The answer to this curiosity lies in the sym-
bolic representation, i.e., the corresponding binary decision diagrams. It is
well known that we can store more information symbolically, the better the
variable ordering, e.g., consider the example given by Baier and Katoen [23,
Example 6.73] which shows a linear- and an exponential-size version of a
binary decision diagram because of different variable orderings. However,
here we do not deepen the discussion of this issue since the variable ordering
in the specification, i.e., the binary decision diagrams for the behavior of the
components, is the same in all cases and not optimized with respect to a certain
approach. But, we have to keep this phenomenon is mind if we compare our
results with the literature—which we leave as future work.

Finally, Figure 6.3 (a) shows a slight performance increase if we do not trans-
form the system into one with strongly exclusive communication beforehand.
For instance for 400 clients, the difference between the non-exclusive, called
“normal” in the figure, and the exclusive version amounts to approximately
16 minutes. Note that the database component d is the only component that
needs adjustment. As for the previous example, this shows that the exclusive
communication factor should not be underestimated.

6.5.3 Banking Interaction System

We consider an example that models a typical banking scenario: A clearing
company interacts with n banks and each bank interacts with m automated
teller machines (ATMs). This example was introduced by Baumeister et al. [31]
and modeled as an interaction system by Majster-Cederbaum and Martens
[179]. As usual, the banks operate the ATMs which receive requests by cus-
tomers that consist of an inserted bank card and an associated personal iden-
tification number (PIN). The verification of the account information is then
provided by a clearing company, which is the same for all banks. In case
the verification succeeded, the customer can debit his account, i.e., the bank
disburses the money, or cancel the operation. Otherwise, the customer is
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informed about the wrong credentials; however, the number of trials is not
limited.

Here, we define interaction system Syspanks (1, m) where n,m € IN '\ {0} as:
Comp = {cc,by,..., by} U {al,...,a"},

1<i<n
Acc = {checke, correcty, incorrect},
Ay, = {cancely,, checky,, correcty,, disbursey, , incorrecty, , requesty,, rightpiny,,
wrongpiny, } for1 <i < mn,
Aa;’ = {cancel,l{j,requestu{j,rzghtpma{j,takemoneya{j,wrongpmagj} for1<i<mn
and1 <j<m,

Int = | {{checke, checky,},{correcte, correcty,}, {incorrect,c, incorrecty } } U
1<i<n

U {{request,, request,] }, {rightpiny,, rightpin, }, { cancely,, cancel, },
1<i<n,1<j<m
{wrongpiny,, wrongpin, }, {disbursey,, takemoney, } }, and

Intosed = {}

Figure 6.4 depicts the interaction model for one bank and one ATM, i.e., n =1
and m = 1.

requesty,

check,, checky, rightpiny, rightpin,!

cc

correct,, correcty, Wrongpiny,  Wrongpiy!

incorrecty. 1 T isburs m B
correct,. incorrecty, disbursey,  takemoney,!

cancelg!

Figure 6.4: Interaction model of the banking example forn =land m =1

The behavioral model is depicted in Figure 6.5 on the following page. The
behavior of the clearing company component cc is depicted in Figure 6.5 (a)
together with the behavior of each bank component b; for 1 < i < nin
Figure 6.5 (b) and the behavior each ATM component a? for1 <i < nand
1 <j < min Figure 6.5 (c).

The cooperation graph of Syspanks (7, 1) is depicted in Figure 6.5 (d) which
shows that the system has a tree-like architecture and hence also a disjoint
circular wait free one. Please note that the nested structure of the cooperation
graph already indicates that many cooperations are not exclusive, i.e., the
transformation of the system requires adjustments of many more components
than of Syspg(n).
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Figure 6.5: Behavioral model and cooperation graph of Syspanks (1, )

We analyze the banking example as well. We want to verify the deadlock-
freedom of Syspanks (1, m) and start by applying Theorem 6.9, i.e., we check
whether problematic states exist. Forall1 <i <nand 1 <j < m, we get (all
other combinations are empty):

PS.. (sll]’, {checkec, checky, }) = {sl.},
PSCC(S2 {correct, correcty, } ) = PSec( s%l_, {incorrectcc, incorrecty, }) = {23,

Psbl (SCC/ {Ch@Ckcc/ ChECkb }) — {Sb }

PSy, (sL., {correctcc, correcty, }) = PSy, (st, {incorrectcc, incorrecty, }) = {51171},

PSy, (sg {requesty, , request, J}) = {sb ,sb ,sb 1,

PSy, (s 11’/ {wrongpiny,, wrongpin, }) = PS,, (sl ],{rightpinh. rightping }) = {52,55 I3
PSy, (s%), {cancely, , cancel a}) =PSy, (s2 I {disbursey,, takemoney,j }) = {sb /Spr S }

1

3

s ,{requestbi,requestag}) = {sal,sﬂl 1,
1 1

a

0
S 5( b
Sl (s3, {wrongpinbi,wrongpina{j}) =PS,j (s‘éi, {rightpinbi,rightpinufj}) = {525'531{: 1,
Sal (s,

,{cancely, cancel,] }) = PS,J (sgi, {disbursey,, takemoney,j }) = {sg{,s}#_‘ }.

3

=

S

1

a

We use one of these states to illustrate the intuition behind problematic states.
Consider a bank b; and its state s3 . In this state, the bank wants to cooperate

with one of its associated ATMs, i.e., we have Coopset(sgi) ={d |1<
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j < m}. We fix one ATM 4/ and since b; wants to perform the interaction
a = {wrongpiny,, wrongpin, }, we take a look at the set PS;/ (sgi,oc), ie., we
ask which states of the ATM are problematic for the bank in state sgi and «.
Now, the only state that is not problematic is sl
For the other two states, the ATM wants to coloperate with the bank, i.ée.,
b; € coopset(s’;) for k € {0,2} and thus, we need to check their reachability
in the subsystefn consisting of the bank and the ATM component and whether

an interaction p with compset(B) = {b;, u{:} is enabled. Here, we get:

since we have a € Int(sl)).

PS, (521/ {wrongpiny,, wrongpin, }) = {525_‘, Sif }.

Thus, we cannot conclude deadlock-freedom and therefore refine the informa-
tion by considering the reachability of problematic state combinations. First,
we compute the NBRSs: For all components k € Comp and states sy € Sk,
we have NBRS(sx) = {si} except for the three states sil_, sii, s‘;i of every bank
component b; with 1 < i < n where we have:

NBRS(s

é) = {Sll7i’ S(b)i’ Si’i’ Sgl" S%i}’ NBRS(Si’l) = {Sgi’ Si," Sii}’
NBRS(s;;

1

) = {S‘bli’sii’sfl)i}‘

1

Again, we consider state sg’_ of a bank b;: The states sll,i and S%,» are contained
in the non-interfering backward reachable set because in each of these states,
the bank only wants to cooperate with the clearing company component cc.
Thus, the cooperation partners of b; in state si[, which are the associated ATMs,
cannot influence that state sgi is reached once state Szlzi or sii is entered.

Then, we apply Theorem 6.12 and compute the entry interactions with respect
to problematic state combinations. Forall1 <i <mnand1 <j < m, we get
(all other sets are empty):
PEI(s2, {checkec, checky, })
= Ur<k<n i {{correctcc, correcty, }, {incorrect.., incorrecty, } },
PEI(sl,, {correcte, correcty, }) = PEI(sL, {incorrectc, incorrecty, })
= Ur<kenkzi { {checke, checky, } },
PEI(sgi, {requesty,, request,i }) = Ui <k<m iz {{wrongpiny,, wrongping},
{cancely,, cancelyr}, {disbursey,, takemoneya} },
PEI(sgi, {wrongpiny,, wrongpin, }) = PEI(SZ}]_, {rightpiny,, rightpin, })
= Unr<k<mizj { {requesty,, requestss} }, and
PEI(s} , {cancely,, cancel, } ) = PEI(s} , {disbursey,, takemoney,; })

= Ur<kemprzj { {rightpiny,, rightping:} }.
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As an example consider a bank b; in state si , one of its associated ATMs 11] in
state s¥ al’ and interaction & = {wrongpiny,, wrongpin, }. We learned above that
s0 a € PS,i (s »,» &) holds and thus compute the entry interactions of these states.
Here, we have EI(s}, ,Soj) = Ur<k<m iz { {requesty, requesty:} } because if we
consider the relevant NBRS combinations, which are (sb ,50]) and (sb ,So])

we can observe that the state (sb , SO/) can be reached in the behavior of the
subsystem consisting of the two Components viz. [Syspanks(n, m)[{bi, al 1,

by executing the (partial) interaction {request,, } which is used for cooperation
with one of the other associated ATMs. Since each of these possibly offers the
corresponding request action, we get the union of all these request interactions
as the entry interactions of state sb and s? ol Observe that the interaction
{ requesty, , request ;i } is not part of the entry mteractlons since its execution does
not lead to a state combination where ATM a} stays in its initial state, which is
also the explanation why there is no 1nteract10n that lies in all intersections of
the problematic entry interactions as we see next.

For all components k € Comp and states s, € Sg, we have IPEI(s;) = @, i.e.,
the second condition of Theorem 6.12 holds. Again, considering a particular
bank b;, the state sgi is only a potential deadlock if all associated ATMs are
in a problematic state. For instance, if m = 2, then the state combination

(Si,-’ sg}, sglz) can only be part of a reachable global state if we have:

EI(sb,s 1) ﬁEI(sb,sa ) # @.

We learned above that at least one of the ATMs has to cooperate with the
bank b; such that it can get to its local state sg_ and that no such common entry
interaction exists. Here, this corresponds to the intuition about the banking
system since either the state combination (sgi,sgg, sglz) or (sii,sgg,sgg) can be

reached after the execution of one of the request interactions.

As a further example, observe that if the clearing company cc wants to inform a
bank b; that the provided PIN is correct, i.e., cc wants to perform the interaction
{correct, correctbz.} in state SCC, then a previously performed initial cooperation
(a check interaction) with any other bank by with i # k is problematic since the
bank b; could then not be ready to be informed anymore. But, since the check
interaction for b; is not problematic in this case, no such waiting situation can
occur—which is shown by the emptiness of the intersections.

We come back to Theorem 6.12. We learned above that the second condition
holds and now, also the first one holds since for all dependent local states
s of all components k € Comp holds NBRS(sx) N'S) = @, except for the
initial states of the components and state Sll7i of every bank b; but there the
corresponding problematic state sets are empty. Thus, we can conclude the
deadlock-freedom of Sysganis (1, ).



6.5 Implementation and Experimental Evaluation 181

Next, we take a look at the experimental evaluation of this system. Figure 6.6
depicts our evaluation for different numbers of banks and ATMs.
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(a) Analysis of Syspans(n,m), 1 < n,m <100 (b) Size of Sysganks (1, m) for 1 < n,m < 66

Figure 6.6: Evaluation of the banking system

Observe that the largest system we evaluated is Sysganks(100,100) whose
deadlock-freedom was established in 1647.98 seconds (approximately 27.5 min-
utes). For the direct deadlock analysis, we already gave up for n = 66 and
m = 66, where we needed 2146.4 seconds (approximately 35 minutes), be-
cause the trend of the verification time observable in Figure 6.6 (a) makes
clear that larger systems need more and more time because our evaluation
system starts to be running out of memory. With the approach of this chapter,
we established the deadlock-freedom of Sysganks(66,66) in 262.08 seconds
(approximately 4.4 minutes). This supports our statement in the introduction
of this thesis that a system with ten thousand components is hard to analyze
directly because Sysganks(100,100) consists of 10101 components.

Finally, the exclusive communication factor is better visible since the verifi-
cation of the systems with strongly exclusive communication requires much
more time. For instance, for n = 85 banks and m = 85 ATMs for each bank,
which yields an interaction system with 7311 components, the difference in
the verification times amounts to approximately 14 minutes (for the exclu-
sive case, this corresponds to the yellow peak visible in Figure 6.6 (a)). This
lets us conclude that also from a performance point of view, the exclusive
communication factor should not be underestimated and it is beneficial to
have a technique such as our entry interactions to completely circumvent this
requirement.

This ends our discussion of the experimental evaluation. In the next section,
we summarize the chapter and address future work.
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6.6 Summary and Future Work

In this chapter, we showed how component-based systems with multiway
cooperation can be analyzed on the basis of an architectural constraint that
goes beyond common acyclicity requirements. The presented analysis focuses
on the property of deadlock-freedom of interaction systems and provides
a polynomial-time checkable condition that ensures deadlock-freedom by
exploiting a restriction of the architecture called disjoint circular wait freedom.
Roughly speaking, this architectural constraint disallows any circular waiting
situations among the components such that the reason of one waiting is
independent from any other one.

We want to point out that we only derived a sufficient condition for deadlock-
freedom. For instance, our approach fails in situations where a set of compo-
nents blocks each other but other components not involved in this blocking
are able to proceed globally. But, it should be clear that by only considering
sets of components of size two—which yields a very efficient approach—not
all such situations can be covered.

On the other hand, if our approach fails, the information provided by the
entry interactions gives a hint of which components are involved in a potential
deadlock. With this information, a software engineer can take a closer look at
this potentially small set of components and either resolve the reason manually
or encapsulate this set in a new composite component that has equivalent
behavior, is verified deadlock-free with another technique, and now causes no
problems in the remaining system.

Our approach can also be used as a design pattern to ensure that a system
is correct by construction. If a software engineer sticks to the composition
rule imposed by our architectural constraint, a subsequent application of our
condition after each composition step facilitates a correct system design in an
automatic and convenient way.

Moreover, our approach can be extended in the following direction. If we
consider subsystems of fixed size k > 2 in the sufficient condition, we could
obtain more information regarding the reachability of state combinations.
Potentially, we then could, as already mentioned in Section 4.7 of Chapter 4,
also admit simple cycles in the cooperation graph where up to k vertices
that represent components lie on and derive a k-disjoint circular wait free
architecture.

However, we leave these ideas for future work and instead further refine the
model of interaction systems in the next chapter to allow for a gray-box view
of the components.
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Chapter 7

Gray-Box View and Protocols

In the previous chapters, we learned that restrictions on the architecture of
interaction systems and the behavior of components (by requiring that certain
equivalences hold) allow for property verification such as deadlock-freedom
(cf. Chapter 6) or CTL*-X formulae (cf. Chapter 5) without exhaustively search-
ing the global state space, which yields efficient approaches from a computa-
tional viewpoint.

A drawback of the original model of interaction systems (as specified in
Chapter 2) is that the entity used for cooperation among the components, viz.
the ports in the terminology of component-based development, is considered
as a single action and thus no additional behavior can be specified for it, e.g.,
for any behavior-related questions we have to analyze the local component
behavior. Additionally, if the local behavior of a component should not be
fully disclosed, the natural question arises what kind of information needs
to be disclosed by the component in order to still be able to verify properties.
Up to now, we required the disclosure of the full behavior, which is usually
called a white-box view of the components. The other extreme is a black-box
view in which no behavior is accessible, i.e., the components only disclose
their set of actions. Clearly, this is not useful in order to verify properties like
deadlock-freedom, and we thus have to find a way in between these extremes:
A so-called gray-box view.

We employ the following idea. We extend the model of interaction systems to
also capture port behavior. We group several actions of one component and
call this group a port alphabet, i.e., the set of actions is partitioned into several
port alphabets. Additionally, every port is equipped with a labeled transition
system over the port alphabet which we call the port protocol.

The idea behind this approach is that in verification steps we only want to
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use the port protocols of involved components instead of their local behavior.
This is more efficient since the behavior of the component is typically much
larger (if we compare the number of states and transitions) than its port
protocols. The verification of properties for the whole component and system
respectively should then follow from the verification step that used only the
port protocols.

Of course, this raises several questions. If we use a port protocol of a com-
ponent in a verification step, its underlying labeled transition system has to
be related to the behavior of the component or resemble parts of it. This
relationship should also preserve properties, e.g., the satisfaction of the same
logical formulae. Another question is how to obtain such port protocols, i.e.,
are they derived in an automatic manner or explicitly given by the compo-
nent’s author. In a typical scenario, a component processes data of one port
internally and outputs it over another port. Obviously, the latter port must
wait for the availability of the internal data. This step has to be incorporated
in the port protocol, e.g., we could assume that this data is always available
in verification steps. A certain unobservable action in the port protocol could
model the exchange if this waiting influences the future behavior of the port.
This connection of a port protocol’s action (or a sequence of them) to the
component’s internal actions (or actions of another port) is also interesting for
the first question, i.e., how are a component and a port related.

Another point for the introduction of such additional behavior is the paradigm
of information hiding: Only relevant software parts should be accessible from
outside. A component may be given only as a black box, i.e., the internal
behavior is unknown in the development process, but the author provides
the port protocols and guarantees that any property which is verifiable with
the port protocols is also satisfied by the whole component. As mentioned
above, this supports a gray-box view of the components that is desired in
component-based development and related to information hiding [54].

In the following, we address the above mentioned questions and show how
to answer them with a modified version of interaction systems which we call
protocol interaction system.

7.1 Formalization of Protocol Interaction Systems

We formalize the idea for protocol interaction systems and port protocols as
mentioned in the introduction to this chapter. We take the same route as in the
introduction of interaction systems in Chapter 2, i.e., we first define a protocol
component system.
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Definition 7.1 (Protocol Component System): A protocol component system
PCS is defined as a tuple (Comp, { P; }iccomp, {AZ’-j }iecompapep,) where Comp is a
finite set of components, which are referred to as i € Comp. The available ports
of a component i are given by the finite set P;, and the mapping ports(i) :=
{izp | p € P;} allows to refer to a port p of i as i:p € ports(i). The actions
of each port i:p are given by the finite set A?, also denoted by port alphabet
Aj.p, and are assumed to be disjoint, i.e., Vi,j € Comp Vp € P; Vq € P;:i #
jVp#tqg = AN A? = . Similarly to a component system, all actions of
a component i are contained in its action set A; := U,ep, Af , and the union of
all action sets is called the global action set Act := U;ccomp Ai- For convenience,
we assume that T ¢ Act holds for a valid protocol component system.

Since we defined an action set for each component and the global action set
above, we can now define interaction models for protocol component systems
analogously to the definition for component systems. In the definition of an
interaction (cf. Definition 2.2) and an interaction model (cf. Definition 2.3), we
only need to substitute the term “component system” by “protocol component
system”. Thus, instead of defining protocol interaction models, we use Defini-
tions 2.2 and 2.3 for protocol component systems. Similarly as for interactions
and components, we put i:p(«) := A;, N« for an interaction « and a port i:p
of a component 7 in a given interaction model based on a protocol component
system and say that i:p participates in a if i:p(«) # @ holds.

Please note that all actions are assigned to a port in Definition 7.1. If some of
these actions should be internal, they can be assigned to a special internal port,
which we omitted here. Next, we define protocol interaction systems.

Definition 7.2 (Protocol Interaction System): Let IM be an interaction model
based on a protocol component system PCS. A protocol interaction system
Sys is defined as a tuple (IM, {LTS;}iccomp, {LTSi:p ticCompnizpeports(i))- The
component behavioral model {LTS; }iccomp is a family of labeled transition sys-
tems with LTS; = (S;, Ai, {—%,}aca,, S?), ie., for each component exists a
labeled transition system over its action set. Similarly, the port behavioral
model {LTS;.p }iccompnizpeports(i) iS @ family of labeled transition systems with
LTS, = (Si.p, Aip U{T}, {Lﬁ:p}aeAi:pu{T}, Sgp), i.e., for each port exists a la-
beled transition system over its port alphabet (where T-transitions are allowed)
which we call port protocol. For convenience, we write [[i]] instead of LTS; and
[i:p]) instead of LTS;.,,. Further, we assume that the components’” and the port
protocols’ sets of states are disjoint, i.e., Vi,j € Comp:i #j = S;NS; =10
and Vi,j € Comp Vi:p € ports(i) Vjq € ports(j):i #j V ip # jig =
Si.p N Sj.,g = @, and that all sets of states are nonempty, i.e., Vi € Comp: 1Si| >
|S?] > 0and Vi € Comp Vizp € ports(i): |S;p| > |S),| > 0 holds.
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Observe that the special symbol 7 is allowed as a transition label in the port
protocols but not in the component behavior—we required that no action
set contains T in the definition of a protocol component system (cf. Defini-
tion 7.1).

We give an example to demonstrate protocol interaction systems. We use a
simpler version of the merchandise management example Sysymis. We modify
the original system such that the components do not cover the cancel/refund
operations, i.e., we assume that all orders are successful, and such that no
direct deliveries are offered. This leads to the following protocol component
system where each component provides ports with respect to its cooperation
partners. Please note that for the specification of the ports for a component i,
we use the ports(i) notation instead of the P; notation. We set:

Comp = {c,m,s},

ports(c) = {c:m}, ports(m) = {m:c,m:p, m:s}, ports(s) = {s:m},

Acm = {aske, buy.},

Ape = {ordery, payy }, Amp = {printy}, Aps = {deliver,,, reserve, }, and

Agn = {marks, ships }.

The interaction model based on this protocol component system is similar to
the original one, i.e., we connect the actions in the following way:

Int = {{ask, ordery, }, {buyc, paym }, {delivery, ships }, {print, },
{reserve,,, marks} } and

Intaosea = {{printm}}.

Figure 7.1 illustrates the interaction model based on the protocol component
system of the simplified version of the merchandise management example.
We use a diamond shape to visualize the ports attached to a component.

buy. PaYm reserve,,  marks
c Y g m [ &l s
ask, order,, deliver,, ships

print,n

Figure 7.1: Interaction model based on a protocol component system

Now, in order to complete the specification for a protocol interaction system,
we have to give the component and the port behavioral models. For the former,
we use a similar behavior as for the original merchandise management system
without the cancel /refund operations and the direct delivery branch.
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Figure 7.2 depicts the labeled transition systems of the component behavioral
model.

ask,
%, @0
Z
buy.
a
reservem @ Paym 3 (b) Behavior of component ¢
marks
reseroey
@O
- paym -
ships
(a) Behavior of component m (c) Behavior of component s

Figure 7.2: Behavior of the components of the protocol interaction system

Furthermore, we have to give the port behavioral model, i.e., define labeled
transition systems over the corresponding port alphabets. We start with
the (simple) management component where we have to give three labeled
transition systems for the three ports, which are depicted in Figure 7.3.

ordery, deliver,,

4
i G0
paym
(a) Port protocol [[m:c]

—>@Q printy, - T

(b) Port protocol [[m:p] (c) Port protocol [[m:s]]

reseroey,

@

reseroey

Figure 7.3: Port protocols of the simple management component m

We derived the port protocols as follows (up to now, we have not addressed an
automatic procedure for this task). Consider the cooperations that are possible
over the port m:c with respect to the local behavior [m] (cf. Figure 7.2 (a)).
A customer can either order something and then has to pay, or directly pay.
Afterwards, this process can be repeated which leads to the port protocol as
depicted in Figure 7.3 (a). Similarly, a (potential) printer component could
observe consecutive print actions over the port m:p which results in the port
protocol depicted in Figure 7.3 (b). For the port m:s and a storage component,
the reservation and the delivery actions are triggered after the customer has
chosen to either order or pay directly. We model the initial unobservable
choice as two 7-transitions leading to different states which then results in the
port protocol depicted in Figure 7.3 (c).
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The customer and the storage component have only one port for cooperating
with the management component. Thus, we can use the behavior of the
component as the protocol of the respective port. However, to complete the
specification, Figure 7.4 depicts the corresponding port protocols.

ask, marks
00 00
buy, ships
(a) Port protocol [c:m] of component ¢ (b) Port protocol [[s:m] of component s

Figure 7.4: Port protocols of the simple customer and storage components

Observe that this completes the specification of a protocol interaction system
according to Definition 7.2.

Now, the global behavior of a protocol interaction system is defined analo-
gously as for an interaction system (cf. Definition 2.6). Clearly, a protocol
interaction system can be understood as an interaction system by ignoring the
port alphabets and protocols. Thus, we can use the operators for interaction
systems defined in Chapter 3 and moreover, define corresponding ones for
protocol interaction systems. However, since these operators do not modify
the components, we skip such definitions here. For instance, a subsystem
construction operator for protocol interaction systems works the same way
as the one for interaction systems (cf. Definition 3.18), but has to include all
ports of the components in the resulting subsystem in order to yield a valid
protocol interaction system.

We already mentioned that we have not yet required any relation between
port protocols and component behavior. Next, we discuss this issue.

7.1.1 Relating Port Protocols and Component Behavior

In the introduction to this chapter, we stated that for a component gray-box
view, the access to the behavior of the components, i.e., the component be-
havioral model, is restricted and cannot be used in verification steps. Instead,
the port protocols should be used. But up to now, it is sufficient to assign
a labeled transition system with a single initial state and no transitions for
each port since the only requirement in Definition 7.2 is that no set of states is
empty, e.g., the port protocols depicted in Figure 7.5 on the facing page can be
used for the protocol merchandise management example instead of the ones
specified in Figures 7.3 and 7 .4.
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Figure 7.5: Alternative port protocols for the example

However, since our original plan is to use the port protocols instead of the
components” local behavior in verification steps, we need to investigate on
the necessary relation of a port and its corresponding component. When we
introduced the port protocols in the previous section, we already addressed
this issue in a vague way: A port protocol should indicate what kind of
(partial) behavior of the component can be observed over the port. The
protocol thus acts as a window to the component that allows for seeing some
of its internals.

In Chapter 2, we introduced a behavioral equivalence for interaction systems
and labeled transition systems. Thus, it is natural to use this equivalence, viz.
branching bisimilarity with explicit divergence, as the relation between a port
protocol and the behavior of the corresponding component. Here, the behavior
of the component that is observable through the port should be restricted to
the port alphabet and be as small as possible. The following notion of port
conformance formalizes this idea where we require that the local behavior of
the component restricted to the alphabet of the port is branching bisimilar
(with explicit divergence) to the port protocol.

Definition 7.3 (Port Conformance): Let Sys be a protocol interaction system.
A port i:p of a component i is said to be conform to the component if [[i:p] ~5
fip([i]) holds where f;., is a relabeling function that replaces all labels and
transitions not contained in the port alphabet A, with the label T and with
a T-transition respectively, i.e., for [i] = (S;, A;, {—%;}aca,, S?) we have
fip([i]) = (Si, Aip U{T}H {5 aea,, v, S with == = Useana, —i
Furthermore, we assume that the port protocol is minimal with respect to
branching bisimilarity with explicit divergence if it is conform, i.e., we have

[i:p] = [E:pllsp-

Thus, if we use the port protocols depicted in Figure 7.5 for the protocol
merchandise management example, i.e., the labeled transition systems each
consisting of a single initial state without transitions, it holds that no port is
conform to its associated component since all components offer an outgoing
transition in their initial states (cf. Figure 7.2). Thus, we take a look at the origi-
nal specification of the example, i.e., the port protocols specified in Figures 7.3
and 7.4. Since the components ¢ and s have only one port and the port protocol
is identical to the component’s behavior in each case, these ports are conform.
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For component m, we proceed as follows: We take the original labeled transi-
tion system [[m] (cf. Figure 7.2 (a)), replace for each port all transitions whose
label is not contained in the port alphabet with T (which corresponds to the
relabeling function given in Definition 7.3), and compute the quotient with
respect to branching bisimilarity with explicit divergence (cf. Definition 2.16)
of the resulting system. Figure 7.6 depicts the three quotients.

order,, reverse,,

{
PO O @i @O
paym deliver,,
(a) Quotient of fy.c([m]) (b) Quotient of fy.p([m]) () Quotient of fy.s([m])

Figure 7.6: Quotients of the behavior of component m

Now, if we compare these labeled transition systems, i.e., the one in Fig-
ure 7.3 (a) with Figure 7.6 (a), Figure 7.3 (b) with Figure 7.6 (b), and Figure 7.3 (c)
with Figure 7.6 (c), we learn that the ports m:c and m:p are conform to compo-
nent m but port m:s is not because its port protocol is not minimal with respect
to branching bisimilarity with explicit divergence. Thus, we replace the port
protocol [m:s] with the labeled transition system depicted in Figure 7.6 (c)
and gain a protocol interaction system where all ports are conform to their
associated components.

We already mentioned our goal of using the port protocols instead of the local
component behavior in verification steps. In order to approach this goal, we
need a way to combine the port protocols of two cooperating components
such that we can examine their joint behavior similar to interaction systems
created with the subsystem construction operator of Chapter 3. The following
definition of the port behavior allows for this examination.

Definition 7.4 (Port Behavior): Let Sys be a protocol interaction system and
P C Uiecomp Ports(i) a set of ports of Sys’s components. The port behavior
of Sys with respect to P is defined as the labeled transition system [P] :=
(SP/IntP U {T}, {LP}NGIVUPU{T}’ S%) where Sp = Hi:peP Si;p, S?’ = Hi:peP S?;p/
and Intp = {& N (U.pep Aip) | & € Int} \ {D}. Foralla € Intp and alls, t € Sp
we have s = tif and only if Vi:p € P: ifi:p(a) = {a} thens;, —ip Lip
and if i:p(«) = @ then s;, = t;.,. Additionally, fors,t € Sp we haves —= tif
and only if 3i:p € P:sip =, tiy A (Vjig € P\ {icp}: sjg = tjy), e, only
one unobservable local step is allowed to happen during an unobservable
step in the port behavior. If all reachable states of [[P]] have at least one
successor, i.e., Vs € Sp Vs0 € S%: sY —} s = Suc(s) # @ holds with

—p = Unemtpu{r) — *p, then we call the port behavior deadlock-free.
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Please note that we do not distinguish between open and closed interactions
in Definition 7.4. This is reasonable since we currently only analyze a single
protocol interaction system. An extension with respect to several protocol
interaction systems is left for future work.

We want to mention that an interaction system can be transformed into a
protocol interaction system with conform ports in a straightforward way—the
other direction is even simpler since, as already mentioned above, we just
have to ignore the ports and take the union of the port alphabets as action sets.
The following corollary fixes the former transformation.

Corollary 7.5 (Relation of Protocol and “Normal” Interaction Systems): Let
Sys be an arbitrary interaction system with a set Comp of components, a set Int
of interactions over an action set Act = U;ccomp Ai, @ set of closed interactions
Intqosed, and a family { [[i]] }iccomp of labeled transition systems describing the
local behavior of the components. Introduce for every component i € Comp a
port i:p with the port alphabet A;, = A;. The port protocol of each such port
corresponds to the local behavior of the component, i.e., we set [[i:p]] = [i].
The interaction sets need not to be modified. Now, we gained a protocol inter-
action system where all ports are conform to their corresponding component.

We omit a proof of Corollary 7.5 since it directly follows from the definition
that the transformation yields a valid protocol interaction system with con-
form ports. We want to point out that these transformations imply that all
definitions such as deadlock-freedom (cf. Definition 2.8) or livelock-freedom
(cf. Definition 2.9) are also valid for protocol interaction systems. Moreover,
the behavioral equivalence between interaction systems (cf. Definition 2.15)
carries over to protocol interaction systems. Next, we introduce architectural
constraints for protocol interaction systems.

7.1.2 Architectures of Protocol Interaction Systems

We define the architecture of a protocol interaction system as a special graph
similar to the component graph for interaction systems (cf. Definition 4.1).
In order to restrict this architecture as in Chapter 4, we require that certain
properties of this graph hold which we call a tree-like protocol architecture.

Definition 7.6 (Protocol Component Graph and Architecture): The protocol
component graph Gpror := (V, E) of a protocol interaction system Sys is de-
fined by the set of vertices V = Comp U (Ujccomp ports(i)) and the set of edges
E={{iiip}|ie€ Comp A i:p € ports(i)} U{{i:p,j:q} | i,j € Comp A i:p €
ports(i) A jiq € ports(j) A (Fa € Int:itp(a) # D A jq(a) # D)}. Two
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ports are connected if they are related by an edge in Gprot. The port connectivity
of a port i:p is defined as the number of ports to which i:p is connected. If the
port connectivity of a port is less than two, we say that the port is uniquely
connected. If Gprot forms a tree in the graph-theoretical sense (cf. Definition 4.3),
we say Sys has a tree-like protocol architecture.

Since it is more convenient to have a graphical representation of the protocol
component graph, we use the following notation: Components are depicted
as rectangles (as in the component graph, cf. Definition 4.1) and ports as
diamonds. Figure 7.7 depicts the protocol component graph of the protocol
merchandise management example. Observe that the graph is a tree in the
graph-theoretical sense and the port connectivity of every port is less than
two, i.e., the example has a tree-like protocol architecture and all ports are
uniquely connected.

Figure 7.7: Protocol component graph of the protocol merchandise manage-
ment example, where we use a diamond shape for the vertices representing
the ports.

We omit an algorithm for deciding whether a protocol interaction system has
a tree-like protocol architecture because such an algorithm is analogously to
the one for tree-like architectures discussed in Section 4.3.1.

Next, we show how this architectural constraint can be used to verify deadlock-
freedom of protocol interaction systems without accessing the behavior of the
components.

7.2 Deadlock Detection with Port Protocols

In order to exploit the compositional information and the information obtained
by combining the port protocols via the port behavior (cf. Definition 7.4), we
put restrictions on the architecture as above and on the local behaviors, i.e., on
the existence of unobservable behavior in the port protocols. We then establish
an efficiently checkable condition for deadlock-freedom in protocol interaction
systems, which can be verified in time polynomial in the number and size of
the port protocols without accessing the behavior of the components.
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Before we consider deadlock-freedom of a protocol interaction system, we
analyze the deadlock information that can be derived due to the port con-
formance (cf. Definition 7.3). The following lemma addresses this issue. We
want to mention that the property of deadlock-freedom is only defined for
protocol interaction systems (as for interaction system, cf. Definition 2.8) and
port behaviors (cf. Definition 7.4), i.e., we have to be careful which structures
we call deadlock-free.

Lemma 7.7: Let Sys be a protocol interaction system, i € Comp one of its
components, and i:p € ports(i) one of i’s ports that is conform to i. The port
behavior [{i:p}] is deadlock-free if and only if Sys[{i}] is deadlock-free.

A formal proof of Lemma 7.7 can be found in Appendix F on page 267.

Thus, we can exclude the possibility that a deadlock is introduced into a system
by a component that has a state without outgoing transitions by requiring that
all ports are conform—which is reasonable as discussed above—and checking
the deadlock-freedom of one port behavior consisting of a single port for each
component.

Now, in order to verify deadlock-freedom of a whole protocol interaction
system, we use the following idea: An unobservable step in a port protocol is
only present if the component’s future behavior can be influenced by the co-
operation with its environment. If no 7-transition is present, the component’s
behavior visible through the port protocol is inevitable unless the component
gets stuck, i.e., involved in a deadlock. Here, the requirements of a tree-like
protocol architecture and uniquely connected ports allow that it is sufficient
to check pairs of port protocols for deadlock-freedom, because due to their 7-
and deadlock-freedom, no cyclic waiting relation is possible.

Next, we formalize this idea as a theorem.

Theorem 7.8: Let Sys be a protocol interaction system. Assume that Sys has
a tree-like protocol architecture and that every port is uniquely connected
and conform to its corresponding component and that all port protocols are
free of T-transitions and states without successors. If for all connected ports
i:p € ports(i) and j:q € ports(j) of all components i,j € Comp it holds that
[{i:p, j:q}] is deadlock-free, then [[Sys] is deadlock-free.

A formal proof of Theorem 7.8 can be found in Appendix F on page 268.

We apply the theorem to the protocol merchandise management example
where we use the port protocols specified in Figure 7.3 (a), Figure 7.3 (b),
and Figure 7.6 (c) for component m. As mentioned above, all ports are con-
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form to their associated component and, clearly, all port protocols are free of
T-transitions and states without successors. Thus, the assumptions of Theo-
rem 7.8 are satisfied because, as discussed in Section 7.1.2, the system has a
tree-like protocol architecture and all ports are uniquely connected.

Now, we have to compute the port behaviors of all connected ports, viz.
[{c:m, m:c}] and [[{m:s,s:m}], which are depicted in Figure 7.8.

{aske, order,, } {deliver,,, marks}
- -
{buy,, pay, } {reserve,,, ships }
(a) Port behavior [{c:m, m:c}] (b) Port behavior [{m:s,s:m}]

Figure 7.8: Port behaviors of the connected ports

Obviously, both port behaviors [{c:m, m:c}]| and [{m:s, s:m}] are deadlock-
free. Thus, the deadlock-freedom of the protocol merchandise management
example is implied by Theorem 7.8.

As already mentioned, the application of Theorem 7.8 is very efficient since
we only have to compute the port behaviors of uniquely connected ports in
a system that has a tree-like protocol architecture, i.e., we can perform these
computations in time polynomial in the number and size of the port protocols.
Moreover, we do not need accessing the behavior of the components—if
we assume that the port conformance is established beforehand—and our
approach thus supports the gray-box view mentioned in the introduction to
this chapter.

In the next section, we take a look at the potential savings that our approach
allows for since the port protocols are usually much smaller than the behavior
of the components.

7.2.1 Potential Savings

We address how deadlock analyses in interaction systems can benefit from
port protocols despite the limited information due to a gray-box view, i.e.,
restricted access to the behavior of the components.

Consider a protocol interaction system Sys with one master component m that
is surrounded by client components 1,...,n foran € IN \ {0}. The master
component offers one port containing a single action for each client and each
client has two ports, one for the master component containing a single action
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and another one—called r—containing n — 1 actions. Thus, we have (where i
ranges over 1,...,n):

Comp = {m,1,2,...,n},
ports(m) = {m:1,...,m:n} and ports(i) = {i:m,i:r},
Apsi = {a8,}, Aiw = {a'},and Ay, = {a},...,a"} \ {a'}.

Now, the actions of the ports are used for synchronizing the components in
the following way:

Int = {{a},,ai}, {a} |ie{1,...,n} Ake{l,...,n}\{i}}and
Inteosed = {}

Figure 7.9 illustrates the resulting interaction model.

Figure 7.9: Interaction model of the protocol interaction system

Next, we specify the component and the port behavioral model. Observe
that each component has 7 actions that can be numbered from 1 to . For the
component behavior, we consecutively execute these actions in their natural
order. Figure 7.10(a) depicts the labeled transition system for the master
component m, and Figure 7.10 (b) the one for the clients.

‘l' Ell az ‘l' Ell {/'lz
m__ N m N
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n—1 n—1
(am_@ ¥O) (011_@ ¥O)
(a) Behavior of component m (b) Behavior of componenti,1 <i <n

Figure 7.10: Component behavior of the protocol interaction system

For the port behavioral model, we only address the connected ports. Fig-
ure 7.11 on the following page depicts these port protocols: Figure 7.11 (a)
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depicts the port protocol of each port m:i of the master component m where
i € Comp\ {m} denotes a client. Similarly, Figure 7.11 (b) shows the port
protocols of the ports i:m of all client components i € Comp \ {m}. Clearly,
the port protocols are conform (cf. Definition 7.3) and free of T-transitions
and states without successors. The conformance holds since if we replace all
transitions in a component’s behavior except the one contained in the port al-
phabet in question with 7-transitions, then the resulting system consists of one
observable transition preceded and succeeded respectively by T-transitions.
The quotient with respect to branching bisimilarity with explicit divergence
of such a system clearly is a single initial state with a self-loop as depicted in
Figure 7.11 (cf. Definition 2.16).

@D @

(a) Port protocol [m:i],1 <i<n (b) Port protocol [i:m], 1 <i<n

Figure 7.11: Port protocols of the protocol interaction system

Please note that the port protocols of the ports i:r of all components i &
Comp \ {m} can be similarly derived in a conform and 7-free way by taking
the corresponding component behavior, replacing the action and transition re-
spectively that is not contained in the port alphabet A;., with T, and computing
the quotient with respect to branching bisimilarity with explicit divergence (cf.
Definition 2.16). These systems are also free of states without successors.

Now, assume we want to prove the deadlock-freedom of this example. Since
the interaction model does not put strong restrictions on the cooperation of
the components, all state combinations are possible and reachable, i.e., if
we compute the global behavior of the example, we quickly face the state

n+1

space explosion problem since the global state space consists of all n" ™" state

combinations where 7 is the number of clients.

However, we can use our approach from Chapter 6 since the example clearly is
disjoint circular wait free (ignoring the port protocols and treating the example
as an interaction system). If we want to apply Theorem 6.9 (cf. page 154), we
have to compute the problematic states. Without going into the details of
this computation here, we find out that no problematic states exists in the
example and thus its deadlock-freedom is implied by Theorem 6.9. But,
while performing this computation, we need to analyze all subsystems of
cooperating components of size two that consist of the master component m
and a client component i for i € Comp \ {m} in each case, i.e., a total number
of n labeled transition systems, and all these systems are of size n> where 1 is
the number of clients.
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As an alternative to this analysis, we can apply the approach from this chapter,
i.e., Theorem 7.8 (cf. page 193). We already mentioned above that all port
protocols are conform and free of T-transitions and states without successors.
The protocol component graph of the example is a tree in the graph-theoretical
sense—hence, the system has a tree-like protocol architecture—and every
port is uniquely connected (cf. Definition 7.6 and Figure 7.9—we here omit to
depict the graph since it looks similar to the system’s interaction model). Thus,
the requirements of Theorem 7.8 are satisfied and we have to analyze the port
behavior (cf. Definition 7.4) of all connected ports. We can see in Figure 7.11
that all resulting labeled transition systems consist of one initial state with
a self-loop labeled by the corresponding interaction of the port behavior in
question. Since all these port behaviors are deadlock-free, Theorem 7.8 implies
deadlock-freedom of the example. Here, we need to analyze all port behaviors
of connected ports of size two that consist of the master component’s port m:i
and a client component’s port i:m for i € Comp \ {m} in each case, i.e., a total
number of 1 labeled transition systems, and all these systems are of constant
size.

The difference in the size of the labeled transition systems under analysis of
the approaches of Chapter 6 and this chapter corresponds to a quadratic factor
that we can save in the asymptotical costs. Thus, we can benefit from port
protocols in special situations as demonstrated by the example, although we
do not have full access to all information of the protocol interaction system if
we take a gray-box view as mentioned in the introduction of this chapter.

7.2.2 Conjectured Extension

In the paper where we introduced port protocols for interaction systems [161],
we conjectured that we can extend Theorem 7.8 by weakening one of its
assumption. To quote from our paper [161]: “We conjecture that it is sufficient
that the protocol behavior of combined port protocols is 7-free instead of
requiring the T-freedom of all port protocols.” Note that we call the protocol
behavior of combined port protocols simply port behavior in this thesis, but
in our former paper, we additionally required that the combined behavior is
minimal with respect to branching bisimilarity, i.e., we consider the quotient
of the port behavior in the following.

Unfortunately, this conjecture is false as we show by the following counterex-
ample. Consider the following protocol interaction system Sys with:

Comp = {1,2,3},
ports(1) = {1:2,1:3}, ports(2) = {2:1}, ports(3) = {3:1},
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Arg ={m, b1, 1}, A1z = {di,e1,f1}, Apa = {a2,b2,02}, Az = {d3,e3,f3},
Int = {{a11a2}l {blin}/ {C1/C2}/ {dlldS}/ {61163}/ Ul/ffi}}l and
Inteosed = {}

The behavior of the components and the port protocols are given in Figure 7.12
where use the same labeled transition system for [2]] and [2:1]] and for [3]
and [[3:1].

Ty @ 1 b
! O @ SO =0 (o0
e1 ay €1 by az
4 (b) Port protocol [1:2] (d) 2] and [[2:1]
1 dl
T ]l a 1 f3
fioh O 0 o o0
4 2 dq f1 €3
(a) Comp. behavior [[1]] (c) Port protocol [[1:3]] (e) [3] and [3:1]

Figure 7.12: Component behaviors and port protocols of the counterexample

Observe that all ports are conform to their associated component. Clearly, the
architecture of this system is tree-like because the only ports that are connected
are 1:2 with 2:1 and 3:2 with 3:1. However, not all port protocols are free of
T-transitions, viz. [[1:2]] and [[1:3] (cf. Figure 7.12 (b) and (c)). Thus, we cannot
apply Theorem 7.8 to show deadlock-freedom of the example.

But what about our conjecture? First, we compute the global behavior of
the system which is depicted in Figure 7.13 (a). Clearly, the system is not
deadlock-free—this can also be seen from the specification of the protocol in-
teraction system (cf. Figure 7.12): Observe that component 1 wants to execute
interactions {a1,a2} or {e,e3} in its initial state where its partners, compo-
nents 2 and 3, want to execute interactions {by, by} or {c1,¢2} and {dy,d3} or
{f1,f3} respectively. This mismatch results in the deadlock that is depicted in
Figure 7.13 (a).

—>@ —>@Q {c1,¢2} —>@Q {dy,ds5}

(a) Global behavior  (b) Port behavior [{1:2,2:1}] xa  (c) Port behavior [{1:3,3:1}] ~a

Figure 7.13: Global behavior and port behaviors of the counterexample

Now, we apply our conjecture from above where we have to compute the
labeled transition systems [[{1:2,2:1}]l~4 and [[{1:3,3:1}]~2, i.e., the quotients
of the port behaviors of the connected ports. The quotients are depicted in
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Figure 7.13 (b) and (c). Observe that both quotients are free of T-transitions
and states without successors, i.e., all assumptions of our conjecture hold.
However, the deadlock-freedom of the whole protocol interaction system is a
false implication now because the global initial state is a deadlock. This ends
our discussion of the conjectured extension of Theorem 7.8.

In the next section, we take a look at related approaches from the literature
that employ similar ideas as our port protocols.

7.3 Related Approaches and Discussion

Hennicker et al. [137] and Mota et al. [207] study similar ideas as our protocol
interaction systems, which we discuss and compare in this section. In both
works, the authors define port protocols on the basis of a formal model for
component-based systems.

The approach of Hennicker et al. [137] introduces port protocols in the way
we stated our goals formulated at the beginning of this chapter. In their com-
ponent model, each component’s port provides a protocol which is in the
following correctness relation to the behavior of the component. A compo-
nent is called correct with respect to one of its ports, if the behavior of the
component restricted to the actions in the port alphabet (i.e., any other action
becomes an unobservable T-action) is weakly bisimilar to the port protocol.
Of course, it is assumed that each component is correct with respect to all of
its ports. The authors do not provide an automatic generation of such port
protocols, i.e., they assume that they are given by the component’s author. But,
obviously, the correctness relation between a component and one of its ports
can be used to derive a suitable port protocol.

Then, a notion called “neutrality” allows to apply a reduction strategy such
that properties need only to be verified on the reduced part of the system.
Note that this notion is also defined for the components (in the absence of port
protocols) which we discussed in Section 5.5 of Chapter 5. Here, neutrality of
a port g for a port p means that the composition of the protocols of p and ¢
restricted to the alphabet of p is weakly bisimilar to the protocol of p, i.e., it is
sufficient to consider only p. This protocol composition works similar to the
port behavior we defined above (cf. Definition 7.4) and we can thus apply the
approach of Hennicker et al. [137] to protocol interaction systems.

However, the port neutrality seems to be a strong restriction as can be seen
by means of the protocol merchandise management example. We showed
in Section 7.1.1 that the port protocols are conform to their components and
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thus, they are also correct in the notion of Hennicker et al. [137] since labeled
transition systems that are branching bisimilar (with explicit divergence) are
also weak bisimilar. Now, Figure 7.14 depicts the combined behavior of the
respective port protocols of the customer and the management component,
i.e., the port behavior [{c:m, m:c}]. The latter is depicted in Figure 7.14 (c),
and Figure 7.14 (d) depicts the restricted version.

ask, . order,,
buy, paym
(a) Port protocol [c:m] (b) Port protocol [m:c]
{ask, order,, } order,,
0O 00
{buyc, paym } paym
(c) Port behavior [{c:m, m:c}] (d) [{c:m, m:c}] restricted to Apc

Figure 7.14: Port protocols and port behavior of the protocol merchandise
management example

Clearly, the two systems are not weakly bisimilar because only one of them
has a pay,,-self-loop in its initial state—compare Figure 7.14 (b) and Fig-
ure 7.14 (d).

Moreover, weak bisimilarity is in our opinion not suited for the relationship
between components and their ports. Any information about the branching
structure is typically lost and with the additional requirement by Hennicker
et al. [137, Section 4.2] of weakly deterministic port protocols and the implied
existence of a weakly bisimilar 7-free port protocol, any information about the
unobservable but important internal behavior of the component is lost in the
port protocol. Of course, we made a similar assumption by requiring the ab-
sence of T-transitions in Theorem 7.8, and the necessity of this assumption for
the verification of deadlock-freedom is a drawback of the approach. However,
with weak bisimilarity this information is lost a priori which indicates a loss
of information due to the definition of the model.

For instance, if a T-self-loop exists in a port protocol at a state which has
another non-t outgoing transition, the t-self-loop can simply be left out,
because the behavior of this new port protocol is weakly bisimilar to the
former behavior. But, an important information is lost during this step: The
port protocol indicates at this state that the component could forever cooperate
through other ports with its environment, and thus this port is never used for
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cooperation. However, since a non-t outgoing transition exists, the port may
eventually be used for cooperation.

A similar observation exists with inevitable T-divergent behavior, which indi-
cates at a port protocol that the corresponding component has reached a state
in which it never uses the port for cooperation again. This could indicate a
design flaw of the component, but also situations are imaginable in which a
port offers a special action which serves as a safety seal in order to disable
the functionality of this port completely. Or, similarly;, it is possible to disable
this port over another port with the execution of a transition leading into a
T-divergent state. When using weak bisimilarity, all of this possible interesting
information is lost in the port protocol.

In the work by Mota et al. [207], a similar idea is called “compatibility” of
two ports and requires that all sequences of actions of one port are also
possible in the other one if we abstract from input and output actions. In their
component model, the behavior of a component is given as a CSP [141] process
that offers channels for the component’s cooperation with its environment
which can be understood as the ports of the component. These channels are
related by connectors that are also modeled as CSP processes. A protocol
is defined as a projection of a component’s behavior over a channel where
this projection is done by concealing every symbol that is not contained in
the channel’s alphabet. If it now holds for two protocols that “all possible
sequences of output values in one channel are accepted by the corresponding
input channel” [207] and vice versa, they are called compatible. However,
our protocol merchandise management example discussed around Figure 7.14
above shows that the depicted protocols are not compatible in this sense if we
abstract from I/O operations, i.e., the approach of Mota et al. [207] fails for
our example.

The name “protocol” has, of course, a very broad meaning and has been
used in quite different settings. We mention one occurrence with respect
to component-based systems that we already discussed in Chapter 2: The
SOFA component model which features so-called behavior protocols [228].
A behavior protocol extends a SOFA component with a regular expression
like protocol, which represents traces of the component’s behavior that can
be observed on the interface of the component. In the following, we use
the terminology for behavior protocols introduced by JeZek et al. [148]. The
authors call the compliant behavior of a component with its ports “horizontal
protocol compatibility” of the components” behavior protocols. This compat-
ibility check also features (by interconnecting two behavior protocols) the
detection of bad activity, i.e., the request of a component cannot be answered
by the other one, no activity, i.e., local deadlock of the interconnection, and
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infinite activity, i.e., the interconnection forms a communication loop which is
never exited. Additionally, a “vertical protocol compatibility” called “protocol
compliance” is available which allows for checking whether the behavior
protocol of a composite component corresponds to the interconnection of the
behavior protocols of its subcomponents.

However, as a behavior protocol abstracts the behavior of a whole component,
the idea behind behavior protocols is different from the questions we focus
on; thus, although it is an interesting way of checking the compliance of two
components, the behavior protocols are not comparable to our approach. Note
that in interaction systems, a behavior protocol is comparable to the behavior
of the whole component, i.e., the underlying labeled transition system.

Finally, Graf and Steffen [125] show how interface specifications, that are
supersets of the set of sequences which can be observed at a certain interface
of a process and that are provided by the designer of the system, can be used to
minimize finite state systems in a compositional way. This potentially indicates
an opportunity for future work, e.g., whether we can apply compositional
reduction as discussed in Chapter 5 to protocol interaction systems where we
only use the port protocols in equivalence checks. We want to mention that
interface generation of software components, i.e., the interface specifications
are not provided, is also an active field of research, e.g., a recent approach is
discussed by Giannakopoulou and Pasdreanu [111].

This ends our discussion of related approaches. In the next section, we address
some limitations of the port protocols approach.

7.4 Limitations of the Port Protocols Approach

We take a closer look at the acyclicity requirement of the protocol compo-
nent graph, that we used to establish a condition for deadlock-freedom in
Section 7.2, and what information can be derived from the port protocols in
the absence this requirement. As we see in the following, this reveals some
limitations of the port protocols approach.

We consider a mutual blocking scenario in a protocol interaction system. Such
a mutual blocking of two components is the smallest deadlock—measured
in the number of involved components—that can occur in a protocol interac-
tion system if we assume that all behaviors of the components are “locally
deadlock-free”. Of course, such “mutual” deadlocks can be efficiently detected,
because we only need to analyze all subsystems of size two for deadlocks
which is possible in polynomial time, i.e., if |Smax| denotes the largest local
state space, then this detection can be performed in O( | Comp\2 - |Smax|?).
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However, the introduction of port protocols and the reliance on only con-
sidering these protocols in a deadlock analysis is flawed if mutual blocking
is present in a system. The following example gives a first indication why
a protocol-only approach is not sufficient. Figure 7.15 depicts the protocol
component graph and behavioral models of the following protocol interac-
tion system Sys with Comp = {1,2}, ports(1) = {1:1,1:2}, and ports(2) =
{2:1,2:2}. Each port alphabet contains a single action, we have A1 = {a;1},
A1p = {b1}, Azq = {a2}, and Az» = {b,}. The interactions set is given by
Int = {{al,az}, {b1,b2}}, i-e., the components cooperate over their a- and
b-actions, and the set of closed interactions is empty. Clearly, all ports are
conform to their associated components.

aq bz
@0 00
by az
(a) Protocol component graph (b) Comp. behavior [[1] (c) Comp. behavior [[2]
—>@Q 1 —>@Q by —>@Q ap —>@Q by
(d) Port prot. [1:1] (e) Port prot. [[1:2] (f) Port prot. [[2:1] (g) Port prot. [2:2]

Figure 7.15: Protocol interaction system modeling a mutual blocking situation

Although the protocol interaction system is already deadlocked in its global
initial state—observe that component 1 can only execute interaction {aj, a,}

and component 2 only interaction {1, b, } in the global initial state (s?,s3)—
any protocol-only analysis (without additional assumptions) is unable to
detect the mutual blocking because the port protocols model that any action is
always executable. The port behaviors of the connected ports, viz. [{1:1,2:1}]

and [[{1:2,2:2}]], consist of a single initial state labeled by the respective in-
teraction, i.e., they are deadlock-free. Thus, no deadlock information can be

derived from them.

Similarly to the mutual blocking in the previous scenario, any larger cycle of
waiting situations among components in a protocol interaction system causes
problems if only the protocols of the system are considered in an analysis. Here,
we solved this problem by requiring the acyclicity of the protocol component
graph that excluded such scenarios.

This ends our discussion of protocol interaction systems. We summarize the
chapter in the next section and provide some directions for future work.
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7.5 Summary and Future Work

We discussed how a white-box view of the components, that we assumed in
the previous chapters, can be turned into a gray-box view by the introduction
of port protocols. Such a view is reasonable with the advent of prefabricated
components that do not fully disclose their internal details. With further as-
sumptions, these port protocols allow for the verification of deadlock-freedom
without looking at the component behavior and thus they potentially make
verification steps more efficient since the labeled transition systems that need
to be considered can be much smaller. However, we learned that also some
drawbacks exist and the architecture of a systems needs to be restricted in
order to detect cooperation mismatches that lead to deadlocks.

Despite these drawbacks, the available information could even be more re-
stricted as the following scenario illustrates, which shows some directions
for future work—of course, weaker assumptions that lie in between the ones
of Theorem 7.8 and the (non-working) extension of Section 7.2.2 are also of
interest. Additionally, the proof of Theorem 7.8 shows an application for a
correctness-by-construction approach.

7.5.1 Partial Specification of Components via Port Protocols

Imagine a situation where a software architect ordered a prefabricated com-
ponent at a software company, but the development time of this particular
component lasts. Since the software architect wants to implement and test the
behavior of the future component, the software company and the architect
agree on a specification of the future component.

This specification is only partial because the full behavior is not known yet,
and thus the protocol obtainment technique mentioned in Section 7.1.1 is
not applicable. Now, logic is used for this contract, e.g., CTL*-X to specify
the desired properties, i.e., the company provides the architect with a set of
CTL*-X formulae that the later component is guaranteed to satisfy.

This view is more restricted than the gray-box view we discussed in this chap-
ter, because the behavior is not specified completely. Here, it is only known
that each port guarantees the validity of its associated set of formulae. How-
ever, we currently do not know how such a restricted view can be incorporate
in (protocol) interaction systems. Please note that these are only early ideas
for future work on the topic.

In the following chapter, we conclude the thesis.
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Chapter 8

Conclusion

In this final chapter, we conclude the thesis by giving pointers to the sections
where we discussed related work and by addressing additional directions for
future work. But first, we shortly address our goals formulated at the begin-
ning of the thesis (cf. Section 1.2.1): Have we accomplished our mission?

One of our goals is to guarantee efficiency which we ensured by showing upper
bounds that are polynomial in the size of an interaction system’s specification
for all presented techniques—Ileft aside the direct approaches based on a global
behavior analysis discussed in Chapter 2. We derived automatic property
verification techniques, which is our second goal, i.e., all techniques can be
applied in a convenient way for a given interaction system and do not require
any further user input, and moreover, these techniques allow for correctness
by construction. Instead of building systems at will and then use, say, model
checking to establish properties, we followed the philosophy to develop and
investigate design patterns or architectural constraints, which we introduced
in Chapter 4, that are amenable to the formulation of efficiently checkable
conditions for the properties in question. We followed this line for deadlock-
freedom in Chapter 6 and for CTL*-X formulae in Chapter 5. Thus, although
such conditions indicate that not all systems can be verified by using them,
we achieved our goals for an interesting class of systems.

8.1 Related Work

We addressed related work in each chapter: We reviewed various formal mod-
els for software components in Section 2.1.4 of Chapter 2, analyzed related
(de-)composition operators in Section 3.6 of Chapter 3, dealt with architec-
tures and restrictions of the cooperation structure in related formalisms in
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Section 4.6 of Chapter 4, treated compositional reduction in other component-
based settings in Section 5.5 of Chapter 5, discussed related work on efficient
deadlock analysis in Section 6.4 of Chapter 6, and showed how various authors
introduced ideas similar to port protocols in Section 7.3 of Chapter 7.

8.2 Future Work

We already gave some directions for future work at the end of each chap-
ter. We particularly want to highlight the extension of our compositional
reduction approach discussed in Section 5.6 of Chapter 5 and the extension
of our approach for deadlock-freedom discussed in Section 6.6 of Chapter 6.
Furthermore, there are some directions that we have not addressed yet and
mention in the following paragraphs.

A dependable system has the ability to provide its services under severe
conditions such as failure of system parts or presence of malicious coopera-
tion partners. With respect to interaction systems, Majster-Cederbaum and
Martens [178] address how a deadlock-free interaction systems preserves its
deadlock-freedom if a certain set of actions is not available anymore, i.e., all
interactions where such an action is part of are not executable any longer. The
authors call deadlock-freedom in a given interaction system robust with re-
spect to such a set of actions if the constrained system is deadlock-free as well.
Moreover, Martens [190, Chapter 5] extended the deadlock detection approach
for tree-like interaction systems [180] to check in polynomial time whether
deadlock-freedom is robust with respect to a certain set of actions. Here, it
is an interesting question whether our approach (cf. Chapter 6) can also be
extended in this way to show that deadlock-freedom is robust in interaction
systems with a disjoint circular wait free architecture.

Similar investigations can be found in the field of fault tolerance and reliable
distributed computing where more detailed failure models such as crash-stop,
crash-recovery, or byzantine are studied. Here, it is a challenging question
whether such failure models can be incorporated in a component-based setting
such as interaction systems. Our work on consensus algorithms [105, 106]
already indicates how processes could be encapsulated as components with
ports. Recently, Bonakdarpour et al. [44] studied such ideas in the context of
BIP [30] for which interaction systems are a theoretical model.

Last but not least, a combination of the ideas in Chapter 5, where we investi-
gated under which conditions a component can be removed from the analysis,
and the ideas of Chapter 6, where we showed how deadlock-freedom can be
established in polynomial time, is promising.
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Appendix A

Preliminaries and Notation

In this appendix, we include various definitions for self-containedness of the
thesis.

A.1 Labeled Transition Systems

We use labeled transition systems for any behavioral description in this thesis.
Formally, they are defined as follows.

Definition A.1 (Labeled Transition System): A labeled transition system LTS
is a tuple (S, %, {—%},ex,S?) where S is a finite set of states which is also
called the state space, ¥. is an alphabet! containing the labels, {2+ },c5 is a
family of transition relations where -+ C S x S for each a € X, and s°Cs
is a set of initial states. Whenever (s,t) € —% for two states s,t € S and a
label a € £, we write s - t instead and say that there is an a-transition from
stot. Alabel a € ¥ is called enabled in a state s € S if a state t € S exists
such that s -2+ . A transition s -+ s for a state s € S and a label a € X
is called an a-self-loop, and in general, transitions relating the same state are
called self-loops.

Since we often need to deal with the future or past behavior (as seen from a
particular state), the following definition of two functions allows us to access
this state information in a convenient way.

Definition A.2 (Predecessor and Successor): Let LTS = (S,%, {—%},e5, SY)
be a labeled transition system. For a state s € S and a set of labels L C X, we
define the L-predecessors of s as Pre(s,L) := {t € S | Ja € L: t % s} and

1An alphabet is a finite set of symbols as in automata theory [145].
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the predecessors of s as Pre(s) := Pre(s,X). Similarly, the L-successors of s are
defined as Suc(s,L) := {t € S| 3a € L: s - t} and the successors of s as
Suc(s) := Suc(s, X). Note that Pre(s, @) = Suc(s,@) = @ holds.

The second last of the preliminary definitions introduces the notion of a “path”
that is used in various contexts throughout this thesis. The most common
usage of this notion is in the area of graph theory (cf. for instance the book of
Diestel [89, Section 1.3]).

Definition A.3 (Path and Maximal Path): A path over a tuple (S, R), where
S is a finite set and R C S x S is a binary relation over S, is a finite or infinite,
consecutively numbered sequence 7t := (s, 51,52, ...) such that Vi € N: s; €
m = s;€SandVi e N:s; €1 A sip1 € 1 = (5;,5111) € R. The
length of a finite path, i.e., the number of its elements, is denoted by |7|; if 7z
is an infinite path we write |7r| = |IN|. By 7t[i] we denote the ith element of
the path—observe that a zeroth element exists—and by 7[i. .| the suffix path
starting with element s; (for i € IN with i < |7t|). We call a path maximal either
if itis infinite, i.e., [7r| = |IN|, orif |7r| > 0 and for the last element no successor
element exists, i.e., if T = (sg,...,s,) forsomen € N and no s,,;1 € S exists
with (s, 5,41) € R. By MaxPaths(s) for s € S we denote the set of all maximal
paths 7t over (S, R) with 77[0] = s. A finite path 77 is called simple, if no element
occurs twice, ie., Vi,j € {0,...,|n| —1}:i # ] = n[i] # n[j].

Finally, the notion of paths allows us to define the well-known notion of
reachability of states in labeled transition systems.

Definition A.4 (Reachable States): Let LTS = (S,%, {—% }4ex,S°) be a la-
beled transition system. A state s € S is called reachable in LTS if an initial state
s? € S¥ and a finite path 7w over (S, U,cx, —%) exist such that 7[0] = s and
nt[|7t]—1] = s holds.

A.2  Graph Theory

The following definitions are common notation in graph theory. A more
comprehensive introduction and overview can be found in the book of Diestel
[89, Chapter 1].

Definition A.5 (Graph): A graph G is a tuple (V, E) where V is a finite set of
vertices and E a set of edges which are 2-element subsets of V, i.e., E C {e €
2V'| le] = 2}. Two vertices v, w € V are called adjacent if an edge e € E exists
with e = {v,w}. In this case, edge e and vertex v (and w respectively) are
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called incident. Furthermore, the set of neighbors of a vertex v in G is denoted
by nbg(v), i.e., nbg(v) :={w € V | {v,w} € E}.

The definition of a path that we gave in the previous section is also valid
for graphs as defined above because we can consider the set of edges as a
symmetric binary relation over the set of vertices. Thus, if we reason about
paths in a graph in the following, we think of paths as introduced with
Definition A.3.

Definition A.6 (Connected Graph): A graph G = (V,E) is said to be con-
nected if for any two vertices v, w € V a finite path 7w over G with 77[0] = v and
nt]|mt] — 1] = w exists.

For connected graphs, we define the following properties.

Definition A.7 (Graph Properties): Let G = (V,E) be a connected graph.
The distance distg (v, w) between two vertices v and w in G is the length of a
shortest path between them minus one (since in graph theory, as opposed to
our definition of a path, the edges are counted), i.e., distg (v, w) := min{| 7| —
1| 7t is a finite path over G with 77[0] = v and 7t[|7t| — 1] = w}. The eccentric-
ity eccg(v) of a vertex v is the maximum distance from v to any other vertex,
i.e., eccg(v) := max{distg(v,w) | w € V}. The radius rad(G) is the mini-
mum eccentricity over all vertices in G, i.e., rad(G) := min{eccg(v) | v € V}.
The diameter diam(G) is the maximum eccentricity over all vertices in G, i.e.,
diam(G) := max{eccg(v) | v € V}. The center center(G) contains all ver-
tices v whose eccentricity equals the radius of G, i.e., center(G) = {v €
V | eccg(v) = rad(G)}. The periphery periphery(G) contains all vertices v
whose eccentricity equals the diameter of G, i.e., periphery(G) := {v € V|
eccg(v) = diam(G)}.

Finally, we define the notion of simple cycles in graphs.

Definition A.8 (Simple Cycle): A simple cyclein a graph G = (V, E) is a finite
path 7t of length at least four, starting and ending in a vertex v € V, i.e,,
n[0] = v and 7t[|7| — 1] = v and || > 3, with the property that no vertex
other than v occurs twice: Vi,j € {1,...,|n| —1}: i # ] = n[i] # n[j], ie.,
the suffix path 7t[1..] is a simple path. The set of vertices that lie on such a
simple cycle is denoted by cycle(G) C V.
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Appendix B

Pseudocode Algorithms

In this appendix, we give some of the algorithms mentioned throughout
the thesis together with runtime analyses. The first algorithm initializes the
information that we need in following algorithms.

Algorithm B.1 Initialization for all algorithms based on interaction systems

INITIALIZATION(Sys) // defines all variables as attributes of objects

1 for each componenti € Comp

2 for each state s € S;
3 for each action a € A;
4 s.Suc, = @ // for setting Suc(s, a)
5 s.Pre, = @ // for setting Pre(s, a)
6 for each component i € Comp
7 for each state s € S;
8 for each action a € A;
9 for each state t € S;
10 if (s,t) € 45, f/ or:s . t
11 s.Suc, = s.Suc, U {t}
12 t.Pre, = t.Pre, U {s}
13 for each interaction a € Int
14 a.compset = @ // for setting compset(a)
15 for each component i € Comp
16 if not A; Na == @ // if i participates in a
17 a.compset = w.compset U {i}
18 a.i = a where {a} = A; N« // setting i(«) as action
19 «.closed = FALSE
20 if o € Intooged
21 «.closed = TRUE
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Please note that we here consider algorithms that operate on interaction sys-
tems where we assume that the input is given as specified in Definition 2.5, i.e.,
we assume, as already done in Algorithm B.1 on the preceding page, that we
have access to the sets Comp, Act, Int, Intjoseq, and Intopen and for each com-
ponent i € Comp we can access the labeled transition system corresponding
to its local behavior [[i] = (S;, Aj, {—%;}aea,, S?). Observe that Algorithm B.1
initializes the following information: The functions Suc() and Pre() for every
state and action (cf. Definition A.2) and the functions compset() and i() for
every interaction and component i (cf. Definition 2.2). An upper bound for
the runtime of this algorithm is O(|Comp| - |Smax|? - | Amax| + |Int| - |Comp)|)
where Smax is the largest set of states among the components and Amax the
largest action set. This bound is polynomial in the size of the input, which we
highlighted as an important goal in the introduction of the thesis, i.e., we can
use this algorithm in the following and can safely assume that the initialization
is carried in polynomial time. Next, we take a look at the computation of the
reachable global behavior of an interaction system.

Global Behavior Traversal

Algorithm B.2 on the facing page computes the reachable global behavior (cf.
Definition 2.6) of an interaction system by traversing through the global state
space. Here, we are not interested in a particular order of the components with
respect to global state tuples. However for an algorithm that is executable by
a computer, we have to use an operator that allows for considering an “order
independent” Cartesian product, i.e., we cannot use the Cartesian product
operator that is available in many programming languages.

Here, we denote such an “order independent” Cartesian product operator by
“X” and use it to construct global states as in Definition 2.6—cf. its usage in
line 4, line 24, and line 25 of Algorithm B.2. From an implementation point
of view, we could for instance always use the same order of the components
or use a set representation. Furthermore, we assume that an appropriate
>u<-operator corresponds to an “unfolded” Cartesian product, i.e., the operator
does not introduce the typical nested set structure that comes with a consec-
utive application of a Cartesian product. As an example, consider the sets
S1 = {s1}, So = {s2}, and S3 = {s3,t3}. If we now compute S = 51 x S, =
{(s1,s2)} and afterwards S x S3, we get {((s1,52),53), ((s1,52),t3) }. For our
new operator, we require that (S; X S) X Sz equals {(s1,52,53), (s1,52,t3) }
and that the order inside the tuples is not important but always the same.
Note that such a computation is typically carried out in a loop, e.g., consider
line 4 of Definition 2.6 where we compute the set of global initial states.
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Algorithm B.2 Global behavior traversal
BEHAVIOR-TRAVERSAL(Sys)
1 INITIALIZATION(Sys) // cf. Algorithm B.1 on page 211

2 S = @ // for setting the global initial states
3 for each component i € Comp
4 S0 = S0 %X S? // An “order independent”, “unfolded” Cartesian product
5 S = @ // for setting the global states
6 —— = @ // for setting the global transition relations
7 for each interaction & € Intopen
8 = =0
9 current = S°
10 repeat // traverse the global state space
11 S = SUcurrent
12 found = @ // for saving the global states found in the current step
13 for each global state s € current
14 s.Suc = @ // we only compute Suc(s) here (cf. Definition A.2)
15 s.Sucy = @ // for setting Suc(s, {7})
16 s.Sucy = @ // for setting Suc(s, Intopen)
17 for each interaction a € Int
18 successors = @
19 for each i € Comp and i’s local state s; of s = (...,s;,...)
20 if i € a.compset
21 if Si.SMCOH' =@
22 successors = @
23 break for loop over components (line 19)
24 else successors = successors X s;.Sucy
25 else successors = successors X {s;}
26 found = found U successors
27 if not successors == @
28 if a.closed == TRUE
29 5 = 5 U ({s} x successors)
30 s.Sucy = s.Sucy U successors
31 else 5 = —% U ({s} x successors)
32 8.Sucy = s.Sucy U successors
33 s.Suc = s.Suc U successors
34 current = found \ S // keep only the new states for the next step

35 until current == @
36 return (S, Intgpen, {5 }acmer . S°) // returns labeled transition system

open
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Next, we demonstrate a few steps of Algorithm B.2 by means of the mer-
chandise management example Sysymvs. After the first for loop we have
SO = {(s%,59,s0)} (after line 4). Observe that this is the only global initial
state, thus when the repeat loop in line 10 starts the set current contains only
this global state. When the for loop in line 13 treats this global state and the for
loop in line 17 treats the interaction & = {ask, ordery, }, the set successors is set
to 0. Sucysk, X 89, SuuConger, % {80} = {(st, s}, s?)}. Since this set is nonempty,
we get for the a-transition relation —%» = {((s,s),s?), (s!,s},,s2))} after
line 31. Note that this is the only interaction that is enabled in the global initial
state, i.e., for all other interactions the for loop of line 19 is terminated in line 23
because of a component whose action is not enabled in its current state.

We turn to the question of the runtime of Algorithm B.2. Since we check for
every global state which interactions are enabled in the corresponding local
states of the components, we have O(|S| - |Int| - |Comp|) as an upper bound.
This bound holds since each reachable global state is only considered once in
the repeat loop in line 10 and in the for loop in line 13 respectively because
such a state is part of the set current exactly once—this is also the reason why
the successors Suc(s) of a global state s are set correctly in line 14 and line 33.
We already discussed in Section 2.2 that for the size of the global state space S
we have |S| < \Smaxﬂc"m”' where |Smax| denotes the size of the largest local
state space, i.e., |Smax| = max{|S;| | i € Comp}. However, this boils down to
O(|Smax|") with n = |Comp| as the upper runtime bound of Algorithm B.2,
which clearly is not in polynomial time in the size of the input—if we neglect
the factors |Int| and |Comp|. Thus, this algorithm is only feasible for small
parameters (such as the merchandise management example Sysyvs).

Livelock Detection

The following algorithm inspects an interaction system with respect to livelock-
freedom: Algorithm B.3 on the facing page works in two phases. First, the
reachable states of the global behavior of the given interaction system are
determined in line 1 which are then used to construct a directed graph where
the vertices correspond to the states that have an outgoing t-transition and
no outgoing non-t-transition (cf. lines 2-8). If we detect a state that possesses
only a T-self-loop (cf. line 5), we can answer the question of livelock-freedom
negative since we already detected a reachable livelock. Afterwards, the edges
are stored as an adjacency list in lines 9-12 where two vertices u, v are adjacent
if there is a T-transition from u to v. In this step, we can neglect the T-self-
loops since we already checked them while constructing the set of vertices.
Then, the second phase begins where we have to check whether there is a
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Algorithm B.3 Livelock detection
LIVELOCK-FREE(Sys)
1 (S,%,{—%}sex,S%) = BEHAVIOR-TRAVERSAL(Sys) // cf. Algorithm B.2

2 Vertices = © // on page 213
3 for each global states € S
4 if not s.Suc; == @ and s.Sucy == @ // s has 7- and no non-T-success.
5 if s.Sucr == {s} // if s has only a T-self-loop, s is a livelock
6 return FALSE
7 Vertices = Vertices U {s}
8 s.indegree = 0
9 for each global state s € Vertices // check for a cycle among the vertices
10 s.Adjacency = (s.Sucy N Vertices) \ {s} // keep only relevant 7-tran.
11 for each global state t € s. Adjacency
12 t.indegree = t.indegree 41
13 Sources = CREATESTACK() // Sources is a common stack data structure
14 for each global state s € Vertices
15 if s.indegree == 0
16 PUSH(Sources, s)
17 while not ISEMPTY (Sources) // successively remove vertices
18 s = PoP(Sources) // with indegree ==
19 for t € s. Adjacency
20 t.indegree = t.indegree — 1
21 if t.indegree ==
22 PUSH(Sources, t)
23 for each global state s € Vertices // If there is still a vertex with nonzero
24 if s.indegree > 0 // indegree, then also a cycle exists.
25 return FALSE
26 return TRUE

directed cycle among the vertices (cf. lines 13-22). Observe that we stored
the indegree, i.e., the number of incoming edges, for every vertex. Now, as
long as there is a vertex with indegree zero, we decrement the indegrees of all
adjacent vertices and re-check (we keep a stack of non-checked vertices with
indegree zero to avoid double checks). Afterwards, if there still is a vertex
with an indegree greater than zero, then there must be a cycle in the original
graph which corresponds to a cycle of T-transitions in the global behavior (cf.
lines 23-25 where we inspect the indegree of all vertices). This lets us decide
the livelock-freedom of the interaction system in question.

The runtime of the second phase of Algorithm B.3 is linear in the number
of vertices and edges of the graph constructed in the first phase because we
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check each of these entities at most once. But, the construction of the graph is
directly connected to the construction of the global state space (with a call of
Algorithm B.2 in line 1 of Algorithm B.3). Since the size of the corresponding
labeled transition system can be exponential in the number of components,
hence also the runtime of Algorithm B.3.

Composition Information Validity

Algorithm B.4 checks whether the set I is valid with respect to Definition 3.4.
The comments provide an explanation of this check.

Algorithm B.4 Validity check of the set I of a composition information

CHECK-NEW-INTERACTIONS(I, Syst1), Sys(®), . .., Sys(™))
1 for each new interactiona € I
2 counter = 0 // Counts the number of participating systems

3 fori = 1ton
4 B = anActl) // The actions of Sys!) that are contained in «
5 a = a '\ B // Update a to contain only non-processed actions
6 valid = TRUE
7 if not B == @ // Sys!) participates in the new interaction a
8 counter = counter + 1
9 valid = FALSE
10 for each interaction y € Int()
11 if B C v // Check whether § € U, cp) 27 holds
12 valid = TRUE
13 break for loop over interactions (line 10)
14 if not valid
15 return FALSE
16 if a == @ // Sys') is the last system participating in «
17 if counter <1 // Check whether & € Ui<ij<i U, epu) 27
18 return FALSE
19 break for loop over interaction systems (line 3)
20 if not & == @ // An element is contained in « that is not an action
21 return FALSE

22 return TRUE

The runtime bound of Algorithm B.4 is polynomial in the size of the input
since we loop for all new interactions through the set of interactions of the
n input interaction systems, i.e., the bound is O(|I*| - n - |[nt(™29)]) where
Int(™2) denotes the largest interaction set.
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Computing the Cooperation Graph

Algorithm B.5 yields the cooperation graph Geoop Of an interaction system Sys
(cf. Definition 4.4).

Algorithm B.5 Computation of the cooperation graph

COOPERATION-GRAPH(Sys)

1 INITIALIZATION(Sys) // cf. Algorithm B.1 on page 211
2 Vertices = O
3 Edges = O
4 for each interaction a € Int // Add each set of participating components
5 Vertices = Vertices U {a.compset} // to the set of vertices.
6 Tmp =0
7 for each vertex u € Vertices // We consider all pairs of sets of compo-
8 for each vertex v € Vertices // nents participating in an interaction.
9 Tmp = TmpU{uno}
10 Vertices = Vertices U (Tmp \ {@})
11 for each component i € Comp // Add each component as a singleton to
12 Vertices = Vertices U {{i}} // the set of vertices.
13 for each vertex v € Vertices
14 v.nb =@
15 for each vertex u € Vertices
16 for each vertex v € Vertices
17 if u C v // Is u adjacent to v?
18 adjacent = TRUE
19 for each vertex w € Vertices // Does a proper subset of v
20 ifuCwandw Cov  // strictly contain u?
21 adjacent = FALSE
22 break for loop over vertices (line 19)
23 if adjacent == TRUE
24 Edges = Edges U {{u,v}}
25 u.nb = unbU{ov}
26 v.nb = v.nbU {u}
27 return (Vertices, Edges)

The most time consuming part of this algorithm is in lines 15-26 where we
loop three times through the set of vertices in order to determine the edges.
Thus, the runtime bound of the algorithm is O(|V|?) where V denotes the set
of vertices of the cooperation graph. As we learned in Section 4.3, we here
have |V| € O(|Int|> + |Comp|), i.e., the runtime of this algorithm is polynomial
in the size of the interaction system given as input.
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Disjoint Circular Wait Free Architectures

Algorithm B.6 implements Theorem 4.9 which checks whether a given interac-
tion system has disjoint circular wait free architecture.

Algorithm B.6 Check for a disjoint circular wait free architecture
DCWE(Sys)

1 (V,E) = COOPERATION-GRAPH(Sys) // cf. Algorithm B.5 on page 217
2 if not GRAPH-IS-CONNECTED(V, E) // cf. [76, Section 22.3]
3 return FALSE
4 V=0
5 EE=0
6 foreachvertexv € V
7 V' = V' U {0in, Yout }
8 E' = E'U{(Vin, vout) } // directed edges are ordered pairs
9 foreachedge {v,w} € E // edges are 2-element subsets of vertices
10 E'=FEU {(Uout/ win)r (wout/ Z)in)}
11 CAPACITY = Ax,y: (x,y) € E'?1:0 // Ayields a function
12 for each component i € Comp withv = {i}, v € V, and 0in, vout € V'
13 if |[v.nb| > 2
14 CAPACITY-V = A x,y: (X,Y) == (Vin, Vout) ? 2+ CAPACITY(X, V)
15 for each component j € Comp withw = {j},w € V, wi, € V'
16 if noti==jand |w.nb| > 2
17 if MAXIMUM-FLOW(V', E/, i, Win, CAPACITY-V) > 2
18 return FALSE // — network, source, sink, capac.
19 return TRUE

We already addressed the runtime of Algorithm B.6 in the discussion of an
application of Theorem 4.9 in Section 4.3.2.

Computation of the Cycle Components

Algorithm B.7 on the facing page computes the set of cycle components in an
efficient way.

In line 4, we use an algorithm by Tarjan [251] for finding all bridges in time
O(|V] + |E|). The runtime of this algorithm is linear in the number of vertices
and edges of the cooperation graph—if we neglect its construction—since
each of these entities is at most considered once in a loop and the classification
in line 4 can also be carried out in linear time.
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Algorithm B.7 Computation of the cycle components

CYCLE-COMPONENTS(Sys)

O 0 NI O U1 i W N -

_om
W N = O

(V,E) = COOPERATION-GRAPH(Sys) // cf. Algorithm B.5 on page 217
for each vertexv € V
v.degree = |v.nb|
Classify each edge e € E as bridge: e.bridge is set to TRUE or FALSE [251]
for each edge e € E withe = {u,v} andu,v € V
if e.bridge == TRUE
u.degree = u.degree — 1
v.degree = v.degree — 1
Cycle-Comp = @
for each component i € Comp withv = {i} andv € V
if v.degree > 1
Cycle-Comp = Cycle-Comp U {i}
return Cycle-Comp

Ensuring Exclusive Communication

Algorithm B.8 on the following page ensures the property of exclusive com-
munication (cf. Definition 5.1) for interaction systems as defined in this thesis
(cf. Definition 2.5).

We omit a detailed cost analysis of Algorithm B.8 but it obviously runs in
polynomial time in the size of the input since every interaction is considered
once and this consideration possibly adds new labels and transitions for the
behavior of components whose number is bounded by the size of the currently

considered interaction.
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Algorithm B.8 Ensuring exclusive communication

EXCLUSIVE(Sys)

1 INITIALIZATION(Sys) // cf. Algorithm B.1 on page 211
2 for each component i € Comp

3 ANV = @

+ LTS = (S;,@,D,8Y) // where [i]]| = (Si, Ai, { - }aca,, S?)
5 Int"W =0
6

7

8

9

Intlcll%‘/sved =0
for each interaction a € Int
(Xnew — @
for each component i € a.compset
10 A"V = i %M J7 each action a € & becomes aempset(®)
11 A?EW — A?GW U anew
12 anew — le’leW U anew
13 for each transition s; 5. ¢; of [[i]
14 add a label a™*" to LTS}V
15 add a transition s; =, t; to LTS™Y
16 nt"W = [nt"W U amewW
17 if a.closed == TRUE
18 Infy = Intfty Uare™

closed

19 return (((Comp, { AP*" }iccomp ), Int™Y, Intdeseq ), {LTS?Y Yiccomp)
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Appendix C

Polynomial-Space Algorithms
for Freedom from Deadlock and
Freedom from Livelock

In this appendix, we want to address the issue of detecting deadlocks and
livelocks deterministically in polynomial space. Note that we already know
that this is possible for deadlocks since, as discussed in Chapter 2, the decision
problem can be solved nondeterministically in polynomial space and together
with Savitch’s famous theorem [240], PSPACE = NPSPACE, the claim fol-
lows. However, it is interesting to ask whether we can use polynomial-space
algorithms in practice, and we have to give a polynomial-space algorithm
for the deciding livelock-freedom to establish its PSPACE-completeness (cf.
Section 2.3.2).

According to Lipton [174, Chapter 29], Savitch’s theorem [240] uses a key idea
that was introduced in a proof by Lewis Il et al. [172] about the recognition
of a context-free language in logarithmic space. However, it was Savitch
who realized the important consequence of the idea for the collapse of the

complexity classes PSPACE and NPSPACE.

In the following, we give several algorithms that all work with respect to a
given interaction system Sys. In some cases, we omit to pass Sys as a parameter
for better readability, i.e., only the two following Algorithms C.5 and C.7 are
called with Sys as a parameter and all other algorithms are called from inside
these and thus have access to Sys as a global parameter. We also assume that
interaction system Sys is initialized with respect to Algorithm B.1 on page 211.
Observe that this initialization does not occupy more than polynomial space.
We begin with a polynomial-space algorithm for deadlock-freedom.
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C.1 Freedom from Deadlock

The first item we have to determine is whether a certain global state is a
deadlock. Algorithm C.1 realizes this check in the most space efficient way
by checking wether an interaction is enabled, which answers the question of
deadlock-freedom for the state in question affirmative.

Algorithm C.1 Determines whether a given global state is a deadlock

DEADLOCK(s) // global state s

for each interaction « € Int
enabled = TRUE
for each i € Comp and i’s local state s; of s
if i € a.compset
if s;.Suc, ;== @
enabled = FALSE
break for loop over components (line 3)
if enabled == TRUE
return FALSE
10 return TRUE

O IO Ul i W IN -

O

The next step is to apply Algorithm C.1 to all reachable global states. Here,
we need to be able to compute the set of global states in a space efficient way.
The following algorithm realizes this with the concept of an iterator that only
stores one global state at a time.

Algorithm C.2 Global state iterator

GLOBAL-STATE-ITERATOR( )

1 current =0

2 max =1

3 for each component i € Comp

4 max = max - |S;|

5 while current < max

6 global-state = @ // we use an ordered set to construct an n-tuple
7 divisor = 1

8 for each component i € Comp

9 global-state = global-state U S;[| 7™ | mod |S;]]

divisor
10 divisor = divisor - |S;| // — Si[k| yields the (k + 1)th state of i
11 yield the global state that corresponds to global-state
12 current = current +1

The main idea of Algorithm C.2 is that we do not compute the Cartesian
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product that corresponds to the global state space directly, which would waste
too much space, but instead compute its elements sequentially in a lazy way.
Here, we assume that each set of local states has a fixed order and is accessible
as in typical arrays, i.e., S;[k| yields the (k + 1)th local state of component i for
0 <k <|S;| — 1. We yield each global state in line 11 of Algorithm C.2.

Since a global state is reachable if there is a path starting in a global initial state,
we need to iterate over all global initial states in a space efficient way. We use
the same idea as for Algorithm C.2 to derive the following algorithm.

Algorithm C.3 Global initial state iterator

GLOBAL-INITIAL-STATE-ITERATOR( )

1 current =0

2 max =1

3 for each component i € Comp

4 max = max - |SY|

5 while current < max

6 global-initial-state = @

7 divisor = 1

8 for each component i € Comp

9 global-initial-state = global-initial-state U SO S | mod |SY|]

divisor
10 divisor = divisor - |S?| // < SY[k] yields the (k + 1)th init. state
11 yield the global state that corresponds to global-initial-state
12 current = current + 1

Next, we can address the reachability question. In Algorithm C.4 on the
following page, we use the typical idea as in Savitch’s theorem [240]: A global
state t is reachable from another global state s in at most k transitions if there
is a global state r that is reachable from s in at most L%J transitions and ¢
is reachable from r in at most (%] transitions. The key insight for the space
consumption of Algorithm C.4 is that the recursion depth is logarithmic in the
number of global states since each call halves the parameter k. Moreover, we
only need to store three global states and an integer in each recursion level
and, only on the lowest level, iterators over the interactions and components
respectively. Clearly, all these variables occupy only logarithmic space. Thus,
the overall space requirement is squared logarithmical in the number of global
states, which meets our polynomial-space bound.

Finally, we can derive a polynomial-space algorithm for deadlock-freedom,
which is given as Algorithm C.5 on the following page. Thereby, we use the
overall number of global states as parameter k for the reachability analysis
since at most all global states are intermediate states on any path.
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Algorithm C.4 Polynomial-space reachability analysis

REACHABLE(s, t, k) // global states s, t and integer k

1 ifk<l1
2 for each interaction « € Int
3 executable = TRUE
4 for each i € Comp and i’s local state s; of s and ¢; of ¢
5 if i € a.compset
6 if ti é Si.SMCDH'
7 executable = FALSE
8 break for loop over components (line 4)
9 elseif not t; == s;
10 executable = FALSE
11 break for loop over components (line 4)
12 if executable == TRUE
13 return TRUE
14 return s ==
15 else for each global state r in GLOBAL-STATE-ITERATOR()
16 if REACHABLE(s, 7, | 5|) and REACHABLE(r, t, [£])
17 return TRUE
18 return FALSE

Algorithm C.5 Polynomial-space deadlock detection
PSPACE-DEADLOCK-FREE(Sys)
max =1
for each component i € Comp

max = max - |S;|
for each global initial state s° in GLOBAL-INITIAL-STATE-ITERATOR()

for each global state s in GLOBAL-STATE-ITERATOR()

if DEADLOCK(s) and REACHABLE(s?, s, max)
return FALSE

return TRUE

X 3 O\ Ul = W IN -

C.2 Freedom from Livelock

For a polynomial-space livelock detection, we can proceed similarly as above.
A certain global state is a livelock (cf. Definition 2.9), if it is reachable from
a global initial state, if in all global states that are reachable over a sequence
of T-transitions no open interaction is enabled, and if the global state itself is
reachable (again) by a nonempty sequence of 7-transitions. We can already
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answer the first part with Algorithm C.4 in polynomial space and thus need a
space-efficient way for the two latter parts.

Algorithm C.6 answers the question whether a global state ¢ is reachable
from a global state s in at most k steps and polynomial space by only using
T-transitions. Observe that we meet our polynomial-space bound for k <
1 by looping through all closed interactions and sets of local states of the
participating components. For larger k, the halving of the parameter ensures
that the recursion depth stays logarithmic in k—analogously as discussed
above for Algorithm C.4.

Algorithm C.6 Polynomial-space T reachability analysis

TAU-REACH(s, t, k) // global states s, t and integer k

1 ifk<1
2 tau-executable = FALSE
3 for each closed interaction a € Int jpgeq
4 executable = TRUE
5 for each i € Comp and i’s local state s; of s and ¢; of ¢
6 if i € a.compset
7 if t; ¢ Si.SMC,x.Z'
8 executable = FALSE
9 break for loop over components (line 5)
10 elseif not t; == s;
11 executable = FALSE
12 break for loop over components (line 5)
13 if executable == TRUE
14 tau-executable = TRUE
15 break for loop over interactions (line 3)
16 return s == f or tau-executable
17  else for each global state r in GLOBAL-STATE-ITERATOR()
18 if TAU-REACH(s, 7, | £ |) and TAU-REACH(r, t, [5])
19 return TRUE
20 return FALSE

Now, in order to decide whether a given interaction is livelock-free in polyno-
mial space, we need to consider each reachable global state, ensure that it has
no (global) successor that is reachable over a sequence of T-transitions where
an open interaction is enabled, and whether the global state in question is
reachable (again) from its successors by T-transitions only (which ensures that
there is at least one such transition). Note that we employ the same idea as for
Algorithm C.5 to keep the space bound by checking all paths up to a certain
length k. Algorithm C.7 on the following page implements this task.
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Algorithm C.7 Polynomial-space livelock detection
PSPACE-LIVELOCK-FREE(Sys)

1 max =1
2 for each component i € Comp
3 max = max - |S;|
4  for each global initial state s° in GLOBAL-INITIAL-STATE-ITERATOR()
5 for each global state s in GLOBAL-STATE-ITERATOR()
6 if REACHABLE(s?, s, max)
7 livelock = TRUE
8 reachable-again = FALSE
9 for each global state  in GLOBAL-STATE-ITERATOR( )
10 if TAU-REACH(s, t, max) // i.e., if s —=* t, check
11 non-tau-enabled = FALSE // Suc(t, Intopen) = @
12 for each open interaction a € Infopen
13 enabled = TRUE
14 for each i € Comp and i’s local state t; of ¢
15 if i € a.compset
16 if ti.Sucm ==
17 enabled = FALSE
18 break for loop in line 14
19 if enabled == TRUE
20 non-tau-enabled = TRUE
21 break for loop in line 12
22 if non-tau-enabled == TRUE
23 livelock = FALSE
24 break for loop in line 9
25 if reachable-again == FALSE // check s 7 s
26 if s==t // check for a T-self-loop
27 Insert lines 2-15 of Algorithm C.6
28 reachable-again = tau-executable
29 else reachable-again = TAU-REACH(t, s, max)
30 if livelock and reachable-again
31 return FALSE

32 return TRUE

Note that we have to ensure that the currently considered global state has a
T-self-loop in lines 26-28 because a global state is always reachable in at most
k steps from itself and we thus cannot use Algorithm C.6 as in line 29.

Together with the PSPACE-hardness established in Section 2.3.2 of Chapter 2,
we can thus conclude that livelock detection is PSPACE-complete.
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Appendix D

Computation Tree Logic

In this appendix, we give the formal definition for the syntax and semantics of
Extended Computation Tree Logic. Note that a detailed introduction, discus-
sion, and references for this topic are given in Section 2.3.3 of Chapter 2. Some
further remarks can be found in Section E.4 of the following appendix.

Definition D.1 (Syntax of CTL*): Let ¥ be an alphabet with T ¢ X called
atomic propositions. A CTL* state formula ® over X, also briefly called CTL*
formula, is syntactically defined via the grammar:

Q=T | p| @ | PAD, | E¢

where p € X, &, P, are CTL* state formulae over X, and ¢ is a CTL* path
formula over ¥ which is syntactically defined via the grammar (where ¢, ¢
are CTL* path formulae over X):

p=D | =p | pr1AP2 | Xo | ;1U¢n

Definition D.2 (Auxiliary Notation for CTL*): As usual, we define the fol-
lowing operators (with the operator precedence —,E,A,U,F,G,A,V, =, <)
and symbols for CTL* path formulae ¢, ¢1, ¢, and CTL* formulae ®, P, O,:

o | =T e D P) =P = D) ANDy = Dy
o P1 V= (1 A o) e Ap:=—-E—¢

o OV D= (P A D) e Fp:=TU¢

o P = =1V e G¢p:=F—¢

e & = Oy =P VP * Vieqt,.iy®i :=P1V...Vn

° 471 == (Pz = (Pl = (Pz A\ gbz = (Pl ° \/ie{ll“m}CIDi = q)l V...V&,
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* Nie(t,.} i = P1 Ao Ay o View®ii= L
© Nie(l, @ = PIA ARy Nigpii=T
* Vieoi=1 * Nieg®@i:=T

For the empty disjunction and conjunction, we have V., ¢; = L whereas
Nico ¢i = T holds. This is reasonable because a disjunction corresponds to an
existential quantification whereas a conjunction to a universal one.

Definition D.3 (Kripke Structure): A Kripke structure is defined as a tuple
KS = (S, —, 80, Y, L) where S is a finite sets of states, — C S x Sis a
transition relation, S° C S is the set of initial states, ¥. is an alphabet containing
the atomic propositions, and L: S — 2% is a function that labels each state with
a set of atomic propositions. Whenever (s,t) € — for two states s, € S we
write s — t instead.

Definition D.4 (Satisfaction Relation for CTL*): Let KS = (S,—,S%, %, L)
be a Kripke structure and let p € £7 be an atomic proposition, s € S be a state,
¢, 1, ¢» be CTL* path formulae over =7 and ®, ®;, ®, be CTL* state formulae
over ©7. The satisfaction relation |= for CTL* state formulae is inductively
defined as (where KS, s = T always holds):

KS,s =p iff p € L(s)

KS,s = —® iff  KS,s £ @

KS,s =@ A®;  iff  KS,sl=®; A KS,s = d,

KS,s =E¢ iff Jm € MaxPaths(s): KS, 7 |= ¢

For any maximal path 7t over KS (cf. Definition A.3), satisfaction relation =
for CTL* path formulae is defined as

KS, =@ iff  KS,7[0] = ®

KS, = —¢ iff KS, [~ ¢

KS,ml=gi Ao iff  KS,ml=¢1 A KS, 7=
KS, = X¢ iff || >1AKS,[l..] =¢

KS,m=¢ Uy iff  FieN:i<|a| AKSali.] = ¢
ANNVjeN:j<i = KS,n[j..] =¢1)

Definition D.5 (Equivalence of CTL* Formulae): Two CTL* formulae ®; and
®, over an alphabet X7 are equivalent, denoted by ®; = ®;, if for every Kripke
structure KS = (S, —, S %, £) and every state s € S it holds that

KS,s = @ if and only if KS, s |= ®;.
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Appendix E
Bisimilarities

In this appendix, we formally define the five equivalences mentioned in
Section 2.4. There, they are only briefly discussed and after a comparison
branching bisimilarity with explicit divergence is chosen to be our “working”
behavioral equivalence for interaction systems (cf. Definition 2.15). Here, we
give formal definitions based on labeled transition systems (in the notation
of this thesis, cf. Definition A.1), shortly present their historical origin, and
discuss the asymptotic runtime of their computation. We also address their
expressive power, i.e., what kind of properties are preserved in equivalent
systems, by means of a logical characterization.

We want to mention that for their computation, i.e., an algorithm that decides
whether two systems are equivalent, the known algorithms usually compute
the largest/coarsest auto-equivalence of a single labeled transition system, i.e.,
they relate the states in one given system. If we are now interested in deciding
the equivalence of two systems, the first step is to construct a “union system”
which serves as the input for the auto-equivalence algorithm.

This union is defined in the natural way: Let LTS; and LTS, be labeled tran-
sition systems over the same alphabet, i.e., LTS; = (S;, L, { =, }ses, S?) for
i = 1,2. The union of the two systems is the labeled transition system:

LTS = (Sl U SZ,Z, {#1 U L>2}HGZI S(l) U Sg)

Now, the labeled transition systems LTS and LTS, are equivalent if there is a
corresponding auto-equivalence relation R for LTS such that Vs? € 9 3sJ €
S9: (s9,89) € R and, vice versa, Vs) € S Is? € SU: (s9,59) € R—this
works because R is symmetric. Additionally, since these algorithms usually
compute the largest/coarsest equivalence relation, they can also be used to
compute quotients of labeled transition systems, as introduced in our setting
for branching bisimilarity with explicit divergence by Definition 2.16. We refer
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the reader to the book of Baier and Katoen [23, Chapter 7] for a more detailed
treatment.

Typically, the number of states and the number of transitions of the input
labeled transition system are the influencing parameters for the runtime costs
of such algorithms, which is in our case the union of the two systems in
question. For the sake of better readability, we use the abbreviations n =
|S1| +[S2| and m = Y5 (| -2 | + | —%,|) in the following.

E.1 Strong Bisimilarity

First, we give a formal definition of strong bisimilarity with respect to labeled
transition systems.

Definition E.1 (Strong Bisimilarity): Let LTS; = (S;, %, {—%}aex, SY), i =
1,2, be labeled transition systems over the same alphabet. The systems are
strongly bisimilar, denoted by LTS; =~ LTS,, if a symmetric relation R C
S1 X Sp U Sy x S exists such that for i = 1,2 and j = (i mod 2) + 1 holds

1. for all states s¥ € S exists a state S? € S? such that (s?, s?) € R and

2. for all (Sl', S]') € Rwiths; € S; and S; S S]', allt; € S;,and all a € %, if
si —; t; then there is a state t; € S; withs; - t; and (t;,tj) € R.

The notion of bisimilarity was independently invented by Park [222] and Mil-
ner [197] where Milner applied the notion under the name strong equivalence
in the context of his CCS [200]. The two ideas are the same if image finiteness
is assumed [86], i.e., the number of successors of all states is finite, and later,
Milner [197] adopted Park’s notation. Milner was also involved in the first
logical characterization of his equivalence where Hennessy-Milner logic [135]
was found to characterizes strong bisimilarity [136]. Hennessy-Milner logic
can directly be interpreted over labeled transition systems, i.e., we do not need
to translate labeled transition systems into Kripke structures as for CTL* (cf.
Section 2.3.3), however, it is weaker than CTL* which means that there are
properties that can be expressed in CTL* but not in Hennessy-Milner logic—
note that there is no fixed-point operator in the latter logic [247, Remark 2].
Browne et al. [53] give a logical characterization of strong bisimilarity in CTL*,
where they apply Milner’s notion of strong bisimilarity in the context of Kripke
structures. Note that with the translation of De Nicola and Vaandrager [85],
this applies also for labeled transition systems—in the cited work, the authors
only talk about CTL*-X but the translation is also valid for CTL* because it
preserves strong bisimilarity [238].
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For the computation of strong bisimilarity, the first algorithm goes back to
Kanellakis and Smolka [152]—according to Baier and Katoen [23, Section 7.10].
The main idea behind this algorithm is partition refinement: Start with an
initial partition of the state space and try to refine these partitions, usually
called blocks, until all equivalent states are in the same block. The refine-
ment is done by so-called splitters that separate the states in a block by their
distinguishable behavior. This technique has its origins in automata theory
in the context of minimization, e.g., the algorithm by Hopcroft [143], where
equivalent states with respect to the relation by Myhill [209] and Nerode [211]
are computed. For strong bisimilarity, the partition refinement algorithm of
Paige and Tarjan [219] improved the one by Kanellakis and Smolka [152] and
settled the upper bound of O(m - logn) if the number of labels is fixed and
m > n holds—a very detailed overview can be found in the book of Baier and
Katoen [23, Section 7.3.4]. Dovier et al. [93] discuss improvements and sym-
bolic implementations of this algorithm. The question of the runtime behavior
of a strong bisimilarity checking algorithm without the assumption that |Z| is
constant was recently addressed by Valmari [257]. The author shows that the
O(m -logn) bound is also valid in this case.

E.2 Weak Bisimilarity

The notion of strong bisimilarity has the drawback that all behavior is con-
sidered as observable. For instance, a sequence of T-transition can be fully
observed and each single T step can be counted. The existence of unobservable
behavior thus needs a special treatment that was introduced in the broad work
of Robin Milner [135, 136, 195-200]. Before we further discuss the historical
origin, we give a formal definition of weak bisimilarity with respect to labeled
transition systems.

Definition E.2 (Weak Bisimilarity): Let LTS; = (S;, L7, {—%,}aesr, SY), i =
1,2, be labeled transition systems over the same alphabet. The systems are
weakly bisimilar, denoted by LTS; ~y LTS,, if a symmetric relation R C
S1 X Sp U Sy x S exists such that for i = 1,2 and j = (i mod 2) + 1 holds

1. for all states s? € S? exists a state s? € S}) such that (s?, s?) € R and

2. for all (s;, sj) € R withs; € S;and s; € §j, allt; € §;, and alla € X7, if
s; =, t; then

(a) eithera = T and a state t; € S; exists with s; =7 t; and (tutj)) € R

(b) or there are states gj,7j,t; € S; with s; i)]* 9, 49 L>j ri, 1 %j ti,
and (t;,t;) € R.
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Originally, the notion of weak bisimilarity was introduced as observational
equivalence in the presence of unobservable actions by Hennessy and Milner
[135, 136]; however, Milner [198] also seems to be the first to use the name
weak bisimilarity. In their original definition, the authors define this equiva-
lence over sequences of actions, although Milner [199, Proposition 8.4] shows
that it is possible to restrict these sequences to be of length one, which then
coincides with Definition E.2. Similar concepts were discussed by Bergstra and
Klop [37] and by Baeten and Van Glabbeek [22]. The failure equivalence of
Brookes et al. [51] in the context of CSP [141] also specially treats unobservable
behavior although it is coarser than weak bisimilarity. We refer the reader to
Van Glabbeek [113, Section 4] for a good overview. A logical characterization
of weak bisimilarity can be found in Milner’s book on CSS [200, Chapter 10],
where he introduces weak modalities for Hennessy-Milner logic [135].

We turn to the question of computing weak bisimilarity. Typical algorithms
first compute the reflexive transitive closure of the 7-transition relation, which
yields the double arrow relation of CCS [197], and then use the algorithm for
strong bisimilarity, e.g., the algorithm derived by Kanellakis and Smolka [152].
The former part can be achieved by the Floyd—Warshall algorithm [100, 261]
in runtime O(n®), or for a better worst case upper bound, by an algorithm
by Munro [208] that exploits fast matrix multiplication, which in turn can
be computed in runtime O(n?37®) with an algorithm by Coppersmith and
Winograd [75]. The closure computation then dominates the runtime over
the strong bisimilarity computation. More recently, this over twenty years
old bound was improved independently by Stothers [248] to O(n>*7%7) and
later by Vassilevska Williams [259] to O(n%%727). In the latter work, the author
also conjectures that more tighter estimates are very likely. However, these
algorithms are only of theoretical interest although they yield the best worst
case upper bound that is known today. We refer the reader to the thesis of
Nuutila [214] for efficient algorithms addressing this problem. However, as
pointed out by Groote and Vaandrager [130, Section 6.2], the above runtime is

only valid if the number of labels is fixed, otherwise the upper bound becomes
O(m - n3727),

E.3 Branching Bisimilarity

One drawback of weak bisimilarity is that it does not preserve the branch-
ing structure of labeled transition systems. Figure 2.11 on page 53 already
illustrated this non-preservation: The depicted systems are (pairwise) weakly
bisimilar but in the first system, there is a computation path that always offers
« before B is executed whereas in the other systems such a path does not exists.
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A better example is given by Van Glabbeek and Weijland [115, Figure 1] where
the same computation paths in three different (weakly bisimilar) systems
offer different in-between options. These kind of observations, which origin
from Van Glabbeek and Weijland [114], led to the introduction of branching
bisimilarity, which we define next.

Definition E.3 (Branching Bisimilarity): Let LTS; = (S;, X7, {—%,}4ex, SY),
i = 1,2, be labeled transition systems over the same alphabet. The systems
are branching bisimilar, denoted by LTS; = LTS,, if a symmetric relation
R C S1 x SpUSy x S exists such that fori = 1,2 and j = (i mod 2) + 1 holds

1. for all states s{ € S exists a state s € S? such that (s, s?) € R and

2. for all (Si,S]‘) € R withs; € S; and Sj € S]‘, allt; € S;,and alla € X7, if
s;i = t; then

(a) eithera = Tand (t;,s;)) € R

(b) or there are states r;,t; € S; with s; i>]* ri, T L>], ti, (si, r]-) ER,
and (ti, t]') €R.

We want to mention that a proof that branching bisimilarity is an equivalence
relation was addressed by Basten [29] after some “obvious” proofs turned
out to be incorrect. De Nicola and Vaandrager [85] studied logical charac-
terizations of branching bisimilarity and show that CTL*-X interpreted over
all paths instead of maximal paths (as introduced in Appendix D) is suitable
for such a characterization. Their work is based on stuttering equivalence of
Kripke structures studied by Browne et al. [53].

Computational issues were addressed by Groote and Vaandrager [130] which
derive an algorithm that works similarly to the approach for strong bisimilarity
mentioned in Section E.1: After an initial partition of the state space into blocks,
the blocks are refined by splitters (with respect to a certain label) until no more
refinements are possible. Such a splitter with respect to a label a for a block B
is the set of states that can be reached from the states in B with an a-transition
after performing a finite number of T-transitions that enter only states in B as
intermediate states. We refer the reader to the detailed discussion in the work
by Groote and Vaandrager [130] that also addresses implementation issues.
The runtime of this algorithm is O(m - logm +m - n) or O((|Z| +m) + m - n)
depending on whether one uses heapsort or bucket sort respectively in the
construction of the initial partition—note that the set of labels needs not to
be fixed. Otherwise, the runtime is O(m - n). The authors conjecture that
this bound can be improved, but best to our knowledge, no better worst case
upper bound is known today.
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E.4 Divergence Sensitive Branching Bisimilarity

Although the interpretation of CTL* formulae over all paths of Kripke struc-
tures was originally used by its inventors, Emerson and Halpern [95], this
interpretation is only reasonable for total Kripke structures, i.e., structures in
which all states have at least one successor. An example that illustrates this is-
sue is given by De Nicola and Vaandrager [85, Example 3.2.8]. Nowadays, the
maximal path interpretation became accepted, e.g., Baier and Katoen [23, Re-
mark 6.11, page 329] allow it, although, for instance, Clarke et al. [72] require
totality of the transition relation but then use an infinite path interpretation—
remember that maximal paths and infinite paths coincide in this case. An
additional reason for using the maximal path interpretation is the ability to de-
scribe properties like fairness [85]. If one now wants to use CTL*—X interpreted
over maximal paths (as we do in Appendix D) to serve as a logical charac-
terization, branching bisimilarity needs to be strengthened to be sensitive to
divergent paths, i.e., maximal paths where eventually only 7-transitions occur,
which lead to the introduction of divergence sensitive branching bisimilarity.
This new bisimilarity was invented by De Nicola and Vaandrager [85] where
they originally introduced a special state in both labeled transition systems in
question such that every state in one of the original systems, that lies on a cycle
of T-transitions or has no outgoing transition, is equipped with a transition
to the new state. This translation allows to relate livelocks in the systems
since De Nicola and Vaandrager [85] define the new bisimilarity as: If the new
systems are branching bisimilar, the original systems are divergence sensitive
branching bisimilar. Here, we modify this definition to skip the addition of
the special state and give a more “direct” definition.

Definition E.4 (Divergence Sensitive Branching Bisimilarity): Let LTS; =
(Si, Z7, {5, baesr, S?), i = 1,2, be labeled transition systems over the same
alphabet. The systems are divergence sensitive branching bisimilar, denoted by
LTSy m{; LTS,, if a symmetric relation R C S; x S, U Sy x 51 exists such that
fori =1,2and j = (i mod 2) + 1 holds

1. for all states s¥ € S exists a state s? € S? such that (s?, s?) € R and
2. forall (s;,s;) € Rwiths; € S;and s; € S; it holds that
2.1. forallt; € S;and alla € X7, if s; %, t; then
(a) eithera = tand (t;,5;) € R

(b) or there are states rj, t; € S; with s; i)]* ri, i L>]- t;, (si, rj) €
R,and (t;,t;) € R and

2.2. if there is an infinite path 7 over (S;, ;) such that 7[0] = s,
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then there exists a state t; € S; such that s; L>], tjort; =s; if
Suc(sj) = @ and (t;,t;) € R where t; = r[k] for some k € IN.

We omit a formal proof that Definition E.4 coincides with the original one
mentioned above, since Part 2.2 exactly captures those states that are treated
in the translation of De Nicola and Vaandrager [85]. Finally with this new
bisimilarity, De Nicola and Vaandrager [85, Theorem 3.4.6] show that diver-
gence sensitive branching bisimilarity is logically characterized by CTL*-X
interpreted over maximal paths.

The computation of divergence sensitive branching bisimilarity can be per-
formed with a slight modification of the algorithm by Groote and Vaandrager
[130] that computes branching bisimilarity as addressed in the previous sec-
tion. We shortly address this modification here since we did not find it in
the literature. Before the initial partition is computed, the algorithm [130]
computes the strongly connected components of the input transition system
restricted to inert T-transitions (interpreted as a directed graph where the
edges correspond to the 7-transitions). Then, the transition system is con-
densed with respect to these strongly connected components, i.e., the states in
such a connected component become a single new state where all incoming
and outgoing transitions are redirected to the new state. Since branching
bisimilarity does not preserve divergence, no t-self-loop is added to a new
state. If we now want to preserve divergence, we just have to add such a
self-loop (if the state has at least one successor, cf. Part 2.2 of Definition E.4)
as a non-inert transition in the terminology of the implementation of Groote
and Vaandrager [130]. Note that this modification does not influence the
asymptotic runtime of the algorithm, which thus yields the same runtime as
discussed in the previous section.

E.5 Branching Bisimilarity with Explicit Divergence

In Chapter 3, we discussed the desired behavior that a behavioral equivalence
in interaction systems is a congruence with respect to the composition and
closing operator. Otherwise, the composition of two systems is not guaranteed
to have the expected outcome if one of the systems is replaced by a behav-
ioral equivalent one. For divergence sensitive branching bisimilarity such
an undesired behavior was observed by Van Glabbeek et al. [117, Section 5]
where they introduce a merge operator for labeled transition systems that cor-
responds to process algebraic parallel operators. An example [117, Figure 4]
then illustrates the undesired behavior, where two states of a labeled transition
system are auto-equivalent with respect to divergence sensitive branching
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bisimilarity, but after the merge operator is applied, this equivalence vanishes.
The authors show that a stronger equivalence, viz. branching bisimilarity with
explicit divergence, overcomes this problem. This equivalence was defined by
Van Glabbeek and Weijland [114] in the spirit of Bergstra et al. [38]. Next, we
define this equivalence in our setting.

Definition E.5 (Branching Bisimilarity with Explicit Divergence): Let LTS;
= (5,25 {5 }aexr, SY), i = 1,2, be labeled transition systems over the
same alphabet. The systems are branching bisimilar with explicit divergence,
denoted by LTS, %f LTS,, if a symmetric relation R C 51 X Sp U Sy X 51 exists
such that fori = 1,2 and j = (i mod 2) + 1 holds

1. for all states s¥ € S exists a state s? € S? such that (s?, s?) € R and
2. forall (s;,s;) € R withs; € S;and s; € S; it holds that
2.1. forallt; € S;and alla € X7, if s; %, t; then
(a) eithera = Tand (t;,5;) € R

(b) or there are states 7j, t; € S; with s; L>]* ris T i>j t;, (si, r]-) €
R,and (t;,t;) € R and

2.2. if there is an infinite path 7r over (S;, ;) such that 77[0] = s;, then
there exists a state f; € S; such that s; —— t; and (t;, t;) € R where
t; = mt[k] for some k € IN.

One drawback of the switch from the divergence sensitive version to the
one with explicit divergence lies in the logical characterization. This was
also addressed by Van Glabbeek et al. [117], where the authors discuss a
modification of the translation from labeled transition systems to Kripke
structures or alternatively, a modification of the logic CTL*-X such that it is
able to distinguish deadlocks and livelocks. As we discussed in Section 2.4.1,
this can also be achieved by ensuring that the labeled transition system in
question is deadlock-free.

The computation of branching bisimilar with explicit divergence goes along
the lines of the modification of the algorithm by Groote and Vaandrager [130]
described in the previous section. The only difference is that we add 7-self-
loops to all condensed states instead of only to the ones that have at least one
successor. Thus, we also get the same runtime as for computing branching
bisimilarity.
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Appendix F

Formal Proofs

E1 Proofs from Chapter 2

Proof of Lemma 2.10: First observe that the global behaviors of the two sys-
tems are “nearly identical”: The additional component x in Sys’ introduces for
every global state of [[Sys'] a self-loop that is labeled with T—since {live, } is
a closed interaction—and all t-transitions of [Sys] are labeled with the cor-
responding open interactions in [Sys’]. All other transitions can be found in
both systems. Now, assume that Sys is deadlock-free. Then, for all reachable
global states s of [Sys] holds Suc(s) # @ (cf. Definition 2.8). Thus, for all
corresponding global states s’ of [Sys] also holds Suc(s’) # @ and that they
are reachable. Since we have Suc(s’, {1}) = {s'}, i.e,, the only T-transition is
the one by component x, we know that Suc(s’, Int/open) # @ holds, i.e., there is
a successor that is reachable via an open interaction—otherwise s would be a
deadlock. But this means that no such state s’ can be a livelock, thus Sys’ is
livelock-free (cf. Definition 2.9). Analogously, we can show the other direction,
i.e., assume that Sys’ is livelock-free and conclude the deadlock-freedom of
Sys. Finally, the translation itself can clearly be carried out in constant time
if we assume that we work on a given copy of Sys or directly modify the
system. n

Proof of Lemma 2.17: Let LTS = (S,X7,{—% },cxr, S°) be the given system.
We distinguish LTS and its quotient by (S1, £], { - }sexr, S7) = LTS~» and
(82,23, { =, }aexz, S3) = LTS in the following. Observe that the alphabets of
the two systems are equal by definition, i.e., £ = XJ =: X*. We now have
to show that a relation R’ C S; x S, U Sy x Sy exists such that LTSz/bA %ﬁ LTS
holds. The definition of the quotient LTS~ (cf. Definition 2.16) already pro-
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vides a symmetric relation R C S x S—observe that S = S holds—that
establishes LTS ~4 LTS. We define R’ := {([s2]r,s2) | 52 € S2}*" and show
that R’ is indeed a relation that establishes the branching bisimilarity with ex-
plicit divergence of LTS~4 and LTS—remember that S; consists of equivalence
classes of the states in S, with respect to R. Clearly, R’ is symmetric since
we applied the symmetric closure. Now, for all initial states S? € S? exists a
state s? € S? such that (s, S?) € R'fori=1,2and j = (i mod 2) + 1 because
each initial state of LTS is contained in an equivalence class by definition. This
shows the first part of Definition E.5. Next, we consider the second part. For
i=1,2,j=(imod2)+1,andall (s;,5;) € R' withs; € S; and s; € S; holds

2.1. forallt; € S;and alla € X7, if s; ==, t; then s —= t holds for two states
s,t€ Swithse€s;andtect;ifi=1ands=s;andt =t;ifi = 2.

(a) Ifa = T and (s,t) € R, then we have (t;,s;) € R' by definition.

(b) Otherwise, we know that a state r € S exists such that s ——* r,
r -4+ t,and (s,r) € R holds. But then, we also find rj,t; € S;
withr; > randt; > tifj=1landr; =randt; = tif j = 2such
that s; L>]* ri, 1 i>j tj, and (si,rj) € R’ holds because s and r
are in the same equivalence class. Thus, also (¢;, t]-) € R’ holds by

definition of R’ and because R establishes LTS %lf LTS.

2.2. if there is an infinite path 7t over (S;, =) such that 7[0] = s;, then we
find this path also over (S, ——). Thus, we know that a state t € S exists
withs 5T t, (s,t) € R, and t ——* s since the state space is finite.
Now, we also find a state t; € S; such thats; —=; t; and (t;, ;) € R
where t; € §; is a state with t; = [t|g ifi = 1and t; = tif i = 2 (cf.
Definition 2.16).

Thus, the relation R’ establishes the branching bisimilarity with explicit diver-
gence of the systems in question, i.e., LTS~ %bA LTS holds. n

E2 Proofs from Chapter 3

Proof of Proposition 3.6: We have to show that the interaction model con-
structed by the composition operator, ®( I+,17) {IM(l), o IM™) },isindeed a
valid interaction model. Observe that this is sufficient—for the proof that the
tuple is an interaction system—since for all other entities of an interaction
system such as the sets of components, actions, and labeled transition systems,
the validity is guaranteed by the disjointness of the single systems—because
these entities are interrelated to each other by set union. Since the composition
operator joins the closed interactions by set union and no closed interaction
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is removed from the overall interaction set, we can focus on this set of inter-
actions. We have to show two things: First, that every interaction contains at
most one action of every component, and second, that any action is contained
in at least one interaction (cf. Definitions 2.2 and 2.3). For the first claim, we
have to consider only the set I* since the claim already holds for all Int(!) with
1 <i<mn.ThesetI" is constructed via the powerset interjoin operator which
combines sets from its operands by set union. Since the first claim already
holds for all of these operands, the set union of the powerset interjoin does
not add actions of one component twice. For the second claim, we have to
consider the set I~ which removes interactions from the combined interaction
set. But for this removal, we have the requirement that I~ C I+ holds, i.e., any
interaction that is removed is contained in at least one new interaction. This
guarantees the validity of the second claim. Thus, the composition operator
yields a valid interaction system. m

Proof of Proposition 3.7: In order to show the proposition, we have to prove
two claims: First, that each (binary) composition step is indeed a valid compo-
sition according to Definition 3.4, and second, that the resulting interaction
sets on both sides of the equation of the proposition are equal. Note that
the latter claim is sufficient for the equality, since the sets of components,
actions, closed interactions, and labeled transition systems are not altered by
the composition operator (cf. Definition 3.4).

We prove the first claim via induction over the current composition step
with system Sys(i) for 2 < i < n. Consider an arbitrary composition step
where the next binary composition is between Sys() with 2 < i < n and the
composed system of the previous steps. We can assume that all previous
composition steps are valid. Let Int(1-~1) denote the resulting interaction set
of the previous compositions. The current step is valid if (cf. Definition 3.4):

(i)

Y > Intopenr

LI C Intlgai™

1)

2. I C Intle ™ Ulnten, and

3.1, ;C Ilf__.lz. holds.

The first item follows because I} ; contains only interactions « where com-

ponents of Sys'’) participate in—since a N Act) # @ is required—but not
exclusively, i.e., there is at least one component from the systems 1,...,i —1
that also participates—since a ¢ Act'?) is required. This is exactly the require-
ment for a powerset interjoin of two sets (cf. Definition 3.2). The second item

. _ . . . 1oi—1) .
is also true because I; ; contains interactions « either from Int(()pen ) since

Ipelf ja=p \ Act), or from Int((fp),e]n since3p el ja=p NActl), ie.,
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S Int((,;f'e'r'{i_l) U Int(()?,en The last item follows because, as for the second item,
any interaction in I; ;is contained in an interaction in I} - i+ The a is always
included in the quantlfled pinl; . This proves that any b1nary composition
step is indeed a valid one.

For the second claim, we have to show that

(rumWu.. ™)\ 1~ £

.....

1+nu[(...[(11f2u1nt<>u1nt )\112} ]Ulnt(”))\ll’wn (%)

where the left-hand side is the interaction set resulting from the composition
of all systems, and the right-hand side corresponds to the set of interactions
resulting from the single binary compositions applied in the order given by
the parentheses on the right-hand side of the equation of the proposition.

We first show that the resulting set of interactions of the binary compositions,
i.e., the right-hand side of Equation (x), can be rewritten as:

Ilfn_,nu[(...[(llfzulnt()uInt )\112] Jummtm)\ 1
=( U Iffm,iulnt(l) UntM)\ I (%)

2<i<n 2<i<n

This rewriting is valid because any interaction that is removed via set dif-
ference on the left-hand side of Equation (%) is not included in later (with
respect to the order induced by the parentheses) unions, i.e., for any index i
with 2 < i < n, and any interaction a € I ; it holds that for all k with
i+1<k<nholdsa ¢ IJr x N aé Int Thls statement holds because
any such « is not 1ncluded in an I _x with a higher index k > i since these
sets only consist of interactions where components from Sys( ) participate in
which is not the case for sets with smaller indices. Analogously, this holds for
any set IntX) which only adds interactions of a system with a higher index
(that could not have been removed earlier) for any such k.

Next, we prove two auxiliary equations which we apply to Equation (*)
afterwards. It holds that

U n.\ UL =I" and (t)
2<i<n 2<i<n
(WU U™\ |J I =t YU o)\ T (1)

We prove Equation (1): First, observe that I* C <<, Iff i holds because
for any index i, the composite interactions where components of interaction
system Sys(!) and of all systems with smaller indices participate in are included
in I ;. We have to show that the union of the parametrized old interactions

~~~~~
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(I] ;) contains all interactions that are not contained in I'* but in the union
of ,t}{e parametrized new interactions (I; + »)- Note that no interaction from I
is removed because for any such &, that is removed, it is required that either
x g I, ora € "and "N =@ holds Assume that « is an arbitrary
interaction that is contained in U,<;<, I _; but notin I'". Observe that any
such « is present in the union because an mdex i exists such that components
from Sys(’) participate in a and also an index k with k > i exists such that
components from Sys(¥) participate in an interaction g with a C B, because
otherwise « € I (if no such B exists). Assume that k is the largest of such
indices with the property that no index j with i < j < k exists such that
components from Sys/) participate in 8. Note that we can always find these
two indices i and k with no index j in between, because « ¢ I" and the
components from Sys¥) belong to the last system (with respect to the order
induced by the parentheses) that need « for cooperation—if an j in between
exists, then another set that strictly contains « is used for this cooperation, i.e.,
this index j is already the largest one. We have g € I | since components
of Sys( ) participate in it. Now, we also have « € I, ,, sincea = f3 \Act

x g I",andVyelT:a Cy = B C vy since k is the largest of such
indices. Note that also « ¢ Act) holds for any j < k, since otherwise, « is
not contained in U<;<, I; .. Thus, any such interaction « is contained in
Uz<i<n 11 ; which proves ],Ec,luation ().

For a proof of Equation (1), observe that any interaction « that is removed

from Int™M) U. .. U Int™) by U2<i<n I; ;is also contained in I~ because for any
index i such an « is contained in elther Iy ifaC Act) and & € I~ for any
index j < i,ora C Act/) and a € I™. Slnce also I C Up<i<y I} ; holds—
because [T C I, [T C Ua<i<n Ii’"_’i, and 3B € If,’.__,z.: n = ,BOAct(i) ANwel

for all i—the claim of Equation (}) follows.
We apply Equations (1) and (%) to Equation (*), which yields:
(U 5 jumWu.um™)\ |J I

2<i<n 2<i<n
(U 5\ U LoyumWo umt)\ | I
2<i<n 2<i<n 2<i<n
= (I U (mtYu...ulmt™)\ 1~
= (I"\I")U (Int< > L UIntM)\ T (since I NI~ = Q)
= (IrumtYu.. .umM)\ 1~

This proves Equation (x), i.e., the set of interactions of both systems in the
equation of Proposition 3.7 are equal, which proves the statement. m
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Proof of Proposition 3.9: The composition information only consists of sets
that have no order information, i.e., it holds that Inté;)en > Intgi,)en = Intgi,)en >

Inté}g)en and Intgi,)en U Intgzp)en = Intézp)en U Int(()?en. n

Proof of Proposition 3.10: First, we show that the two binary compositions
on the left-hand side of the equation of the proposition can be contracted into
a single composition, i.e., that
(1) (2) (3)
(Sys ®  Sys ) 2 Sys® = X {Sys ,Sys?), SysGIY ()

( 1,2/11,2) ( 1,2,3/11,2, 3) (It,I-

holds. Consider the set of interactions resulting on the left-hand side of
Equation (x). According to Definition 3.4, there we have:

(Kras U (I U Intlgen U IntGln) \ I5) Ulnten ) \ I 55
= (I U I U lntlgen U Tnt(en Ut ) \ (I3 U T7)

= (((IEZ 1 23) \ I{Z 3) U Intgp)en U Int(()P)en U Int(()p)en> \ ((117,2 U 117,2,3) \ If:Z)
_ ( I U Tt U Int 3 U Intopen) \ I~ (+)

where I = (I, UL, 3) \ [],5and I = (I, U I 4) \ I, are defined in the
proposition. Note that the penultimate line is correct because I, N Iff , =@
holds. Now, we showed that the last line of Equation (*) equals the set
of interactions after the contracted composition step above, i.e., the set of
interactions resulting on the right-hand side of Equation (x). Additionally, we
have to show that this composition is valid, i.e., that

1. I C Inthn < It < It o,
2. 17 C Int((,}j)en U Intg%,)en U Int(()i,)en, and
3. I~ C I* holds.

Case 1 directly follows from the definition of I because It = (I, U I, 5) \
(1)

I, 5 and the sets Iff , and Ii’ » 3 are valid powerset interjoins: Iff » C Intgpen >

Int(%)en and 11+ 23 C Int‘(()},@’gr)1 > Int((;;’))en where Intg}o’gr)l contains interactions from

(2)

Int((,;)en, Intgpen, and from a valid powerset interjoin of these two. Next, we
consider Case 2:

" = (L[, Ul,) \ I,
C (It Sen U Int$n) U (IntSs2 U Int I,
S (( Ntopen U 1N open) (In open Y 11 open)) \
= (IntSgen U IntSpen U (I U Intpen U IntSgen) \ I1,) Ulntpen) \ I
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= (IntSgen U Intlpen U Iy U Inthpen) \ I
= Int(()},)en U Intgé)en U Intg%)en.

Thus, also this case holds. For I~ C IT, an interaction « contained in [~
(I, Ul3)\ I}, that has no appropriate superset interaction B contained
in It = (I, U 11/2/3) \ I, ie, « C B, would violate either I, C I, or
[, C Ifr »3- Thus, we know that the contraction of the composition is correct,
i.e., Equation (x) holds.

Second, we expand the system of the right-hand side of Equation (x) in a
different order. The numbering of the interaction systems is not important, i.e.,
applying the renaming 1 = 3,2 = 1/, and 3 = 2’ of the proposition, we get:

® {Sys ,Sys?), Sys) = {Sys , Sys(! Sys( )}

(I+,I-

Since {Sys®), Sys(), Sys@)} = {Sys( Sys( ),5ys)}, we can apply Propo-
sition 3.7 and Definition 3.4, which yields
® {Sys ,Sys@), 5ys®Dy = (Sys) @ Sys®)) @ Sys®).
179/ Il’,2’,3’
Now, we rename the interaction systems (but not the composition information)
and apply Proposition 3.9:
(Sys1) @ sys@?)) @ Sys®) =sysV @ (Sys® @ Sys¥). n

1/,2/ Il/,2/,3/ Il/,2/,3/ Il,,zl

Proof of Proposition 3.12: Let (S1, X1, { % }rex,, SV) = [SysV] with £; =
Intgen U{T}, (52,5, {24 baes,, S9) = [Sys@] with Ty = Int{en U {7}, and
(S3, 23, { =3 ez Sg) = [[Sys(3)]] with X3 = Inté%)en U {7} be the correspond-
ing global behaviors of the given interaction systems. Since Sys(!) i Sys®
holds, the alphabets of the corresponding labeled transition systems are equal,
ie, X1 = Xy =: X holds and the “either/or” distinction of the supersets
of the sets I and I~ is no restriction. Furthermore, there exists a symmet-
ric relation R C S; X Sp U Sy x S1 with the properties of Definition 2.15.
We now have to show that also a relation R® C Sy3 x S33U Sp3 X S13
exists such that Sys™ @+ ;) Sys® ~8 Sys® @+ -y Sys® holds where
each S;3 with i = 1,2 denotes the global state space of the correspond-
ing composed system, which we define next. Let I' := (IT UX UZX3) \
I~ be the alphabet of the global behaviors of the composed systems, i.e.,

[Sys™) ®(1+,1-) Sys(® )]] = (51 3,F {13 aer, 13) and similarly, but with
Sys® instead of Sys(), [[Sys(? R(r+,1- )Sys( ) = (S23,T, {23 eer, S93) (cf.
Definitions 2.6 and 3.4). Note that T € I'holds because T € X UXzand T & I~
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holds. We construct R® as follows.

R® = {((SZ‘,S3), (S]',Sg)) - Si,g X S]',g | (Si,S]') €R fori= 1,2 and
j=(imod2)+1}.

We need to show that R¥ is indeed a relation that establishes branching
bisimilarity with explicit divergence of the systems Sys(!) Q(1+,1-) Sys®) and
Sys?) Q(1+,1) Sys(®). First note that R® is symmetric since it is constructed
out of a symmetric relation in a way that does not affect the symmetry. In the
following, we reason about both i = 1,2 and j = (i mod 2) + 1 at the same
time. Because of the premise, we know that for every initial state s? € S? there

is an initial state s? € S? such that (s?, s?) € R. From the construction of R%,

it directly follows that for every initial state s3 € SJ, the pair ((s?,59), (s?, s9))

is included in R?, i.e., the first part of Definition 2.15 holds for R%. We now
consider the first part (2.1) of the second part and distinguish three cases. For
all ((Si,Sg,), (S]‘,S3)) € R® withs; € S;, sj € Sj, and s3 € Sz, and allt; € S;,
t3 € S3,and « € T holds: If (s;,s3) iﬂ‘,s (t;, t3) then

1. « € ¥ and no component of Sys®) participates in the transition, i.e.,
s3 = t3 holds. Since then also s; -, t; and since (s;,s;) € R we know
that either « = 7 and (#;, s]-) € R, or that Tt € S]- exist with S iﬁ ri,
ri L>j ti, (si,rj) € R, and (t;,t;) € R. Thus, we either have a = 7
and ((t,s3), (sj,53)) € R¥, or (sj,53) L>;-t3 (rj,83), (r,83) i>]-,3 (tj;s3),
((si,s3),(rj,83)) € R®, and ((t;,s3), (tj,53)) € R by the definition of
relation R®.

2. & € X3 and no component of Sys'’) participates in the transition, i.e.,
s; = t; holds. Since also no component of Sys(f) participates, s3 -, t3,
and (Si,S]') € R, also (S]',S3) i>]',3 (S]', tg) and ((Si, t3), (S]', t3)) € R®
holds by the definition of relation R®.

3. a € I'": Components of both systems participate in the transition. Then
there exist § € Intggen and vy € Int((,%)en such that « = Uy and it
holds that s; —ﬁ—>i ti and s3 —L3, t3. Since (si,5;)) € Rand B # T, we
know that 7, t; € §; exist with's; —=7 1, 1; _&}j t;, (s,-,rj) € R, and
(ti,tj) € R. Thus, we have (sj,s3) —=7s (rj,83), (1j,83) —=is (tj t3),
((si,s3),(rj,83)) € R®, and ((t;,t3), (tj,t3)) € R¥ by the definition of
relation R®.

Note that if « = 7, which means that an interaction exists that is closed in one
of the systems, both « € X and a € X3 holds. But, only one of the systems
makes a step in this case, i.e., we can distinguish the Cases 1 and 2 as above.

For the infinite path case (2.2) of Definition 2.15, we can use the same argument
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as in the Cases 1 and 2 above, since the infinite path is either in a system Sys(?)
fori = 1,2 and we find the corresponding state ¢;, or in Sys® in which case
it can be found in both composed systems. Thus, the relation R® establishes
branching bisimilarity with explicit divergence of the systems in question, i.e.,
SyS(l) ®(I+,I*) Sys(3) %? Sys(z) ®([+,[—) SyS(3) holds. ]

Proof of Proposition 3.14: We have to show that the interaction model con-
structed by the closing operator, IM \\ I,is indeed a valid interaction model.
Since only the set of closed interactions is modified by the closing oper-
ator and Sys is a valid interaction system, we have to show that the set
Intaeseq U (I N Int) is contained in the set of interactions. By assumption,
we know that Intgeseq C Int holds, and (I N Int) C Int follows from set theory.
Thus, the closing operator yields a valid interaction system. n

Proof of Proposition 3.15: First, observe that all interactions that are closed
before the composition on the right-hand side are also closed after the compo-
sition since we required that [() C [and [® C [ holds. Thus, the equality of
the systems depends on the validity of the composition, i.e., we have to show
that no interaction is closed that is needed for the composition information.
Let XO) = {a e 244 | p e - v 3B e It:a=pNAct) A a £ @)}
denote the set defined in the theorem. We start with the set I~. Observe
that we demanded that for each a € [) withi = 1,2 holds « ¢ X0, Thus
no such « is contained in I~. Next, consider the set I". Here, we required
for each & € ') withi = 1,2 thatno B € I exists with & = N Actl)—
otherwise a € X and [() N X0 # @. Thus, no closed interaction affects the
composition information which proves the claim. m

Proof of Proposition 3.17: Let (S1, %1, { % }rex,, SY) = [SysV] with &1 =
Int{hn U {} and (S2, Za, {5, }aex,, S9) = [Sys@] with Ty = Intimen U {1}
be the corresponding global behaviors of the given interaction systems. Since
Sys) Al Sys(?) holds (we assume that the premise of the proposition holds
for the proof), the alphabets of the labeled transition systems are equal, i.e.,
Y = Xy =: %, and there exists a symmetric relation R C S; X S, U S; X 51
with the properties of Definition 2.15. We now have to show that also a relation
R C S; x S US, x Sp exists such that Sys(l) \\f sz Sys(z) \ I holds. Let
¥ := {1} UZ\ I be the alphabet of the global behaviors of the systems after the
closing operation, i.e., [Sys!) \\ I] = (51,2, {1 ees $%) and [Sys® \\ ] =
(52, %, {5 baess S9)—cf. Definition 3.13 and observe that only the alphabet
and transition relation of a global behavior are modified by closing. We
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explicitly included 7 in the set ¥ since T € I is allowed but has no affect. We
define R := R and show that R is indeed a relation that establishes branching
bisimilarity with explicit divergence of Sys(") \\ I and Sys® \\ I. First note
that R is symmetric since R is symmetric by definition. Since R equals R,
the requirement for the initial states in Definition 2.15 is satisfied, i.e., for all
states s? € S? exists a state s? S S? such that (s?, s?) € R fori = 1,2 and
j = (imod 2) + 1. We now consider the second part of Definition 2.15. For
i=1,2,j= (imod2)+1,andall (s;s;) € R with s; € S; and s; € Sj holds

2.1. forallt; € S;and all w € 3, if s i@ t; then

(a) « = Tand thereisa f € ¥ N [ with s —'B—>i t;. Since (s;,s;) € R and
B # T we know that states rj, t; € S; exist with s; —=7 1, 7; _&)j t,
(Sl', 1’]) € R, and (tl‘, t]> € R. Thus, also S L)]af T and T L)]A tj
with (s;,7;) € R and (t;, ;) € R because R = R.

(b) s; —*; t; holds. Since (s;,s;) € R we know that either & = 7
and (ti,S]') € R, or that 57 t]' S S] exist with Sj L)]* Ti, ¥ i)] t]',
(si,rj) € R, and (t;,t;) € R. Thus, we either have « = 7 and
(ti,s;) € R, or s L>]* ri and 7; L}j t; with (s;,7;) € R and
(ti t;) € R because R = R.

2.2. if there is an infinite path 7 over (S;, =) such that 7[0] = s; then we
find this path also over (S;, —;) or over (S;, U cyn; —; U —;). In the
first case, we know that a state t; € §; exists such that s; L>]- t; and
(ti,tj) € R where t; = rt[k] for some k € IN because (s;,s;) € R. In the
second case, the path cannot be found over (S;, —,), thus we find an
index ! € N such that 7[l] £, [l + 1] with p € EN[and g # 7. Let !
be the smallest among such indices, i.e., we have 7r[0] —=} 7[l]. Since R
establishes branching bisimilarity with explicit divergence, we know that
(7t[l],sj) € R holds and that a state t; € S; exists with (7[l +1],¢) € R.
Thus, in either case we find such a state t; € S; with s; L>f t; (in the

second case because p € Z N [) and (r;,tj) € R where r; = 7[k'] for
some k' € N because R = R.

Thus, the relation R establishes branching bisimilarity with explicit divergence
of the systems in question, i.e., Sys) \\ [ ~& Sys \\ [ holds. -

Proof of Proposition 3.19: Observe that CS[C] is a valid component system
with respect to Definition 2.1 because otherwise, two overlapping action sets
are also overlapping in CS which contradicts the validity of this component
system. The same argument applies for the behavioral model {[[i] };cc. Thus,
we have to show that the interaction model IM[C] is valid. We have to show
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three things: First, that every interaction contains at most one action of every
component in C, second, that any action in Act[C] is contained in at least one
interaction, and third, that the set of closed interactions is a subset of the set
of all interactions (cf. Definitions 2.2 and 2.3). Clearly, no interaction contains
an action of a component that is not contained in C since all interactions are
intersected with Act[C]. Furthermore, for all interactions « € Int[C]| at least
one “superset” interaction f exists in Int because of “3 € Int: o = BN Act[C]”
and the removal of the empty set in the definition of Int[C]. Now, the first
claim holds, since otherwise, a component that participates with two actions
in one interaction can also be found in Int which contradicts the validity of
IM. For the second claim, the contrary would again violate the validity of the
original interaction model. For the set of closed interactions, observe that it
merely consists of interactions that were also closed in the original system
and whose participating components are contained in C. This proves the third
claim. Thus, the subsystem construction operator yields a valid interaction
system. ™

Proof of Proposition 3.20: By setting C := Comp in Definition 3.18, we get
CS = CS|[C] and Act = Act[C]. This implies Int = Int[C|, and thus IM = IM|C]
because Int C 24 and all components participating in a closed interaction
are contained in Comp. Since also {[[i] }iccomp = {[i] }icc holds, the claim
follows. n

Proof of Proposition 3.21: First observe that all interactions that are closed
on the left-hand side of the equation are also closed on the right-hand side
because we explicitly declare them as closed. Second, we show that the com-
position is valid (cf. Definition 3.4), i.e., (1) Ia,Cz C Intopen[Cr] > Intopen[Ca],
(2) Ic, ¢, € Intopen[C1] U Intopen[Co], and (3) I, ¢, Ia,Cz holds. For Claim (1),
observe thateach a € I CJi ¢, can be partitioned into nonempty sets a1 C Act[Cy]
and ay C Act[Cy]—otherwise we find no i € C; and j € C; that both partic-
ipate in a. Since for all such & also a € Int[C; U C;| holds, we can conclude
that &y € Intopen[C1] and ay € Intopen[Co] holds because for k = 1,2 the
interaction w; cannot be closed in the subsystem Sys[C] since ay C « but
compset(a) ¢ Ci (cf. Definition 3.18). Thus, also a € Intopen[C1] > Intopen [Co]
holds (cf. Definition 3.2). Claim (2) follows from set theory—since {a €
Int[C1) U Int[Cy] | & ¢ Int[C1 U Cy]} C Int[Cq] U Int[Cy]—and the fact that an
interaction that does not occur in Int[C; U C;] but in Int[Cy] or Int[C,] can-
not be contained in Intgys.q—0therwise the set of closed interactions is not
a subset of the set of interactions in Sys. For Claim (3), choose an « € Ic, ¢,
Since a € Int[C1] U Int[Cy], we find a B € Int with « = p N Act[Cy] for either
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k =1 or k = 2 because a ¢ Int[C; U Cy]. Consider v = B N Act[C; U C;]. Now,
« C - holds—otherwise & € Int[C; U Co]—and thus ¢ € I . . We conclude

Ig, ¢, E I¢, ¢, (cf. Definition 3.3).

Third, we prove the claim of the proposition. It is clear that CS[C; U Cy] =
CS[C1] ® CS[Cy] holds and that the behavioral models are equal (cf. Defini-
tion 3.4). We have to show that also the interaction models of the subsys-
tems are equal, where it suffices to show that the set of interactions are
equal since the equality of the set of closed interactions is then implied
by the application of the closing operator. Thus, we have to show that
Int[C; UGy £ (IE, ¢, UInt[C1] U Int[C,]) \ Ig, ¢, holds (cf. Definition 3.4). We
partition the set Int[C; U C;] into three sets: Set X » that contains interactions
where components contained in both C; and C; participate in, set X; where
only components from C; participate in, and set X, for the components in
Cy, i.e., Int[C; U C] = X3, U X3 U X,. By definition, we have X, = Iacz.
For the other two sets, we only know that X; C Int[C;]| and Xo C Int[C;]
holds since the interactions contained in a subsystem need not to be present in
Sys[C1 U Cy]. But, for Xj with k = 1,2 we can repair this situation by removing
those interactions, i.e., we have X = Int[Cy| \ {a € Int[C] | « & Int[C; U Co]}.
We substitute the auxiliary sets of the partitioning and get:

G UG = I
U (Int[C] \ {a € Int[C1] | a & Int[C1 U C,)})
U (Int[Co) \ {a € Int[Cy] | & & Int[C; U Co]})
= (I¢, ¢, Y Int[C1] U Int[Cy])
\ {a € Int[C1] | « & Int[C; U Cy]}
\ {a € Int[Cy] | & & Int[C; UCy]}
= (Ig, ¢, U Int[C1] U Int[C,] )
\ {a € Int[C1] U Int[Cy] | & ¢ Int[C; U Co]}
= (I¢,c, YInt[G] U Int[Ca]) \ I, c,-

This proves the claim. ™

Proof of Proposition 3.23: We prove the claim by showing that the composi-
tion information of Proposition 3.21 equals the composition information of the

= [t

oy . . . +
new proposition, i.e., Z¢, c, = ZC1\C{,C2\C§ which means ICI/C2 C\CLAG

and I~

Cuc =1 o\ CLENCY Observe that this proves the claim.

Pick an a € Ia c,- By definition, we know that component i € C; and
component j € C; exist that both participate in «. Now, we have i ¢ C;
since otherwise we can find an interaction g € Int with & C f that violates the
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requirement about the set C;—we would havei € C; A j € C;butnot {i,j} €
compset(p). Analogously, we have j ¢ C} and also compset(a) N (C; U C)) =
@. Thus, we conclude o € IC+1\C{,C2\C§’ Since the case Ia\C{,Cz\C’Z C Ia,Cz can

be treated analogously, we conclude I’ -, = I, \CLO\CY-
’ 1C2\C

Next, we treat I .. Fixana € I¢ . Assume a € Int[Cy]. Since a ¢ Int[C; U
Cy], we know thata B € Int[C; U Cy] exists with a C B and B ¢ Int[Cy] (similar
to the proof of Proposition 3.21). As above, we can conclude that compset(a) N
C] = @—otherwise i € C} and j € C, exist with {i,j} C compset(B) which
violates the requirement on Cj—and thus a € Int[C; \ Cj]. Because a ¢

Int[C1 UCy), also o ¢ Int[Cy \ C; UCy \ C)] holds and thus o € I\ cr cp\cp- The
1’ 2

case w € Int[C,] is treated similarly. Again, since the case IEl \CLC\C, - Ic_l,cz

can be treated analogously, we conclude [ CLCs = This proves the

ICl \C1,.C2\Cy*
claim. -

Proof of Theorem 3.26: First observe that (I*,I7) is a valid composition
since @ C IT (cf. Definition 3.3). We prove the claim by contradiction.
Assume that both Sys") and Sys®) are deadlock-free but their composition
Sys = Sys") @ ;1 1-) Sys') is not. Thus, we find a reachable global state s in
[Sys] with Suc(s) = @, i.e., there is a global initial state s” and a finite path 7
starting in s’ and ending in s. For this global state, we consider the two states
s(1) and 5(?) that are derived from s by ignoring all local states of components
not contained in the set Comp(!) and Comp'® respectively.

Now, we only consider s(!) but the same holds for s(?) in an analogous way.
Since s is a deadlock, also s() must be a deadlock because all interactions
where components of Sys(!) participate in are blocked and we have I~ = @.
We show that s(!) is reachable in [Sys(!)] by considering the path 7 from
above: If we restrict every state on the path to states of the components in
Comp(l) and also every label to the actions of ActV), we can conclude that
consecutive (partial) states on the new path are either identical or can be
related by a transition in [Sys(1)] that is labeled with an interaction of Int(1).
Note that otherwise, we find an interaction y € Int that occurs as a label on
the path 7w with y N ActV) £ @ and (yN Act)) ¢ IntM, which violates our
assumption about the sets [" and [~ that every new interaction consists of the
union of two existing interactions and that no old interaction is allowed, i.e.,
removed in the composite system.

However, this implies that the deadlocked state (1) is reachable in [Sys(V]
which contradicts the assumed deadlock-freedom of this system. Thus, the
interaction system Sys is deadlock-free. m
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E3 Proofs from Chapter 4

Proof of Lemma 4.8: Assume that a simple cycle exists in Geoop Which con-
tains the vertices s and t. Thus, there are two simple paths (cf. Definition A.3)

T = (s,vl,vz,...,vk,t) and ) = (s,wl,wz,...,wl,ﬂ
with k,I € IN that have only the vertices s and t in common, i.e., oF # w! for
allk/,]’ e Nwithl1 <k' <kand1 <I' <.

We now construct a flow function f: E’ — IN in N;; and show that its flow
value [f| = Y5, o)err f((Sin, 0)) — Lawsim)err f (W, 5in)) (for all suitable v,w €
V') equals 2 and is maximal among all such functions, i.e., f is a maximum
flow. Let

f((sinsout) =2, f((Sour03n)) =1, f((Sour, ) =1,
fl@vou)) =1, f((wiy, wou)) =1,
f((vclmt/ Uizn)) = 1/ f((wclmt/ wiZn)) = 1/

f((@O6utin)) =1, f((@Woue tin)) =1,

and let all other edges e € E/, i.e., those edges that have no corresponding
part in the paths 711 or 71y, transport no flow unit, i.e., f(e) = 0. Obviously,
f is a maximum flow with |f| = 2 because the only edge leaving the source
is (Sin, Sout), which is fully saturated, and all incoming edges of the source
sin have flow value 0. The construction of the flow function f by following
the corresponding edges of the paths 7r; and 7, ensures that a legal flow is
created, i.e., all capacity constraints are satisfied and the flow is conserved at
every vertex. This proves the implication of the lemma.

Next, assume that a maximum flow f with |f| = 2 exists in N;;. Starting
with the source si,, we now follow the paths in the directed graph G’ that
are induced by the flow function. By construction, vertex sj, is incident to
exactly one outgoing edge, viz. (Sin, Sout), which has the flow value 2, i.e., is
fully saturated. Further following the route of the flow from vertex sqy; yields
exactly two distinct vertices, denoted by v}, and w.. in the following, because
any vertex adjacent to soyt has exactly one outgoing edge by construction—an
edge to the “out” version of the vertex—and these edges have a capacity of
only one which yields the distinctness of the vertices v}, and wl . Thus, the
flow is split at vertex sqyt, routed to vertices viln and wiln, and from there to
vertices v}, and w] , respectively because of the single edge between the “in”

and “out” versions of a vertex.
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Repeating the argument as above lets us construct two simple paths

/ 1 1 2 k / 1 !
7-[1 == <Sin/ Souts vin/ vout/ an/ sy vout/ tin> and 7-C2 = <Sil’1/ Sout, win/ ceey wout/ tin>

with k,I € IN that have only the vertices sin, Sout, and tin in common. Here,
the distinctness of the inner vertices of the paths is ensured by the flow con-
servation property of the maximum flow; since otherwise a twice occurring
“in” vertex would have a larger incoming flow than it could transport over its
single outgoing edge that has the capacity of one. Observe that we split every
vertex of the cooperation graph G in the construction of G’ to achieve exactly
this property of the paths.

We now consider the corresponding paths in the undirected version of the
network, i.e., we can find the corresponding vertices in G and construct the
following simple paths:

T = (s,vl,vz,...,vk,t> and 71, = (s,wl,w2,...,wl,t)

with the same indices. Because these paths have only the vertices s and ¢
in common, we can concatenate them to a simple cycle as required by the
statement of the lemma. n

Proof of Theorem 4.9: Assume that Sys has a disjoint circular wait free archi-
tecture. Then, no simple cycle exists in GCoop where two (or more) vertices
that represent components lie on (cf. Definition 4.6). Thus, by Lemma 4.8 we
can conclude that no maximum flow of value 2 exists in any flow network in
question.

Next, assume that for all unordered pairs of components i, j € Comp, whose
vertex representations in Geoop have at least two neighbors, it holds that
no maximum flow of value 2 exists in the associated flow network Ny;, (1.
Assume that Sys does not have a disjoint circular wait free architecture. Thus,
we can find a simple cycle in G¢oop Where at least two vertices that represent
components lie on. By the premise and Lemma 4.8, we know that at least one
of these vertices has only one neighbor in Geoop, since otherwise, the premise
is false. But, this contradicts the assumption that the cycle is simple because
the neighbor of this vertex occurs twice. n

Proof of Lemma 4.10: We show the claim by proving that every vertex that
represents a component in the cooperation graph Gy, = (V', E') of Sys’ has
only one neighbor except the vertex that represents the new component x. If
this statement holds, then the disjoint circular wait freedom of the architecture

of Sys’ is implied by Theorem 4.9. Note that we do not show here that the
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transformation yields as valid interaction system, since this can be shown
directly by the validity of the original system.

Assume that a vertex u € V' exists in G0 with [u| = 1and u # {x} that has
two distinct neighbors v and w, i.e., u has a degree greater than one. Since
{u,v} € E' and {u,w} € E’, we know that [v| > 1 and |w| > 1 holds, i.e.,
the vertices do not represent components, because otherwise, the edges are
not included in E’ (cf. Definition 4.4). Let i € Comp’ be the component that
is represented by u, i.e., u = {i}. Since component x participates in every
interaction, we know that x € v and x € w holds. But, since the vertices are
adjacent to 1, also i € v and i € w holds. The transformation also introduced
the interaction {freshy, fresh;} € Int’, and thus a vertex {x,i} € V’. But, this
means # C {x,i} Cvandu C {x,i} C wholds, i.e., u has a degree of one and
the vertices v, w cannot be distinct. Thus, Sys’ has a disjoint circular wait free
architecture. n

Proof of Lemma 4.11: In order to be able to establish the isomorphism of
the global behaviors of the two interaction systems (cf. Definition 2.18 with
LTS, = [[Sys] and LTS, = [Sys']}), we have to restrict the codomain of the
function mapping the interactions since the fresh actions, that are introduced
for the existing components, are not included in Sys and thus, we cannot find
a corresponding inverse image for interactions of the type {freshy, fresh;} for
i € Comp. This restriction does not affect the isomorphism of the systems,
since any interaction that merely consists of fresh actions is not enabled in
[Sys'] because no transition labeled with a fresh action of a component (except
for component x) exists in the corresponding local behavior.

Thus, in order to show that the two global behaviors are isomorphic up
to transition relabeling, we define a bijective function that maps the states,
viz. f: S — §', and one that maps the labels, viz. g: Intgpe, — (Inté,pen \
{{freshy, fresh;} | i € Comp}) U {7} (cf. Definition 2.6 for the labeled transition
system that represents the global behavior), and show that for every initial

state and every transition in one system, we find an equivalent one in the

T

opens We set

other system. For a global state s € S and an interaction a € Int
(where n = |Comp| and g(T) = 7):

f(s)=f((s1,--.,50)) = (51,.-.,50,8%) and g(a) = a U {freshy}.

In other words, the function f extends the tuple representing a global state of
[Sys] with the (unique) local state s{ of the new component x, and the function
g adds the (unique) action fresh, of x to every interaction. The functions are
bijective since for f, every state is uniquely mapped to its extended version
and the complete mapping of S’ follows from the fact that S, (the state space
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of component x) contains only one state, and for g, every open interaction is
uniquely mapped to a version combined with the single action fresh, of x and
all appropriate interactions are covered since x participates in all interactions
of Sys’. Furthermore, every closed interaction in Sys has a unique counterpart
in Sys’, thus we could set ¢(7) = 1.

Now, for every initial state s° € S? holds f(s°) € SY because s is a local initial
state of component x, and analogously, the same argument holds for any state
s € Y, ie., we find a state f1(s”) € S°. Otherwise, the states s’ and s
respectively are not initial states or f is not bijective.

For a transition s %+ t with s,t € Sand a € Intopen, we have to show that
f(s) &' £(t) holds with B = g(a). Assume that such a transition exists
in [Sys] but the mapped version does not exist in [Sys']. We take a look at
the global state s and extend it with the local state s? of component x. Since
freshy is enabled in sg and « is enabled in s, we can execute the interaction
(a U {fresh,}) in s which leads to state t extended with s since the transition
s 25 % with a = fresh, is the only transition of [x]]. But, this means we
have a transition f(s) —£+' f(t) with B = g(a)—otherwise the functions f
or g are not bijective. Analogously, we can argue for the “only if” case of
Definition 2.18 and also for the case of a global T-transition where we have
to use the existence of a 7y € Infyseq that corresponds to the transition label.
Note that as already mentioned, no transition labeled with an interaction that
only consists of fresh actions exists in [Sys'] because no corresponding local
transition exists in the behavior of the components (except for x). Thus, the
two systems are isomorphic up to transition relabeling. m

Proof of Theorem 4.12: Let Sys be an arbitrary interaction system. If we ap-
ply our transformation on Sys that yields Sys’, we get a system with a disjoint
circular wait free architecture (cf. Lemma 4.10) that exhibits isomorphic be-
havior up to transition relabeling (cf. Lemma 4.11). We need to prove that
the transformation can be performed in linear time in the size of the input
Sys. Since we add a fresh action to every component, add a new component
with one single action, add that action to every interaction, and add one new
interaction of size two for every component, we need to process each compo-
nent and interaction once and add new interactions of constant length whose
number is bounded by the number of components. Thus, these operations can
be performed in linear time in the size of the input. m

Proof of Corollary 4.13: Let Sys be an arbitrary interaction system. If we ap-
ply our transformation on Sys that yields Sys’, we get a system with a disjoint
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circular wait free architecture that exhibits isomorphic behavior (cf. Theo-
rem 4.12). Thus, any decision problem for Sys can also be answered using Sys’,
if the problem is closed under isomorphism up to transition relabeling (which
we assumed), by one call to a decision procedure for interaction systems with
a disjoint circular wait free architecture, i.e., we have a many-to-one reduction.
Since Theorem 4.12 also showed that the transformation can be performed in
linear time, the reduction is a linear-time many-to-one reduction. n

F4 Proofs from Chapter 5

Proof of Proposition 5.4: If Sys has strongly exclusive communication, then
we have a N B = @ for all «, € Int with « # B. Thus, we find no two
distinct interactions, i.e., interactions that potentially have different sets of
participating components, that satisfy the premise (« N B # @) of Definition 5.1,
i.e., Sys also has exclusive communication. n

Proof of Lemma 5.5: Let Sys’ = EXCLUSIVE(Sys) denote the result of Algo-
rithm B.8. We first show that the algorithm indeed yields a valid interaction
system. Observe that the algorithm neither modifies the set of components
nor a component’s local state space. Thus, each component’s behavior is valid
with respect to Definition 2.5 as long as no transition label occurs that is not
contained in the corresponding alphabet. This is ensured in lines 14-15. Since
each action is only superscripted by a set in line 10, all sets of actions are dis-
joint (because they are disjoint in the original system). Thus, the component
and behavioral models are valid. Now, all interactions of Int’ are a subset of
the set of actions Act’ because any action that is added while constructing
a new interaction in line 12 is also added to the corresponding action set in
line 11. For the set of interactions Int’, the coverage of Act’, i.e., Uyepw & = Act/,
is guaranteed because the for loop in line 7 treats each action at least once and
because the original system Sys is a valid interaction system. The set of closed
interactions is a subset of the set of interactions, i.e., Int’ a1 < Int’, since an

close

interaction is only added to Int.) .4 = Intoow, 4 in line 18 if it was previously
added to Int' = Int"" in line 16. Thus, we also have a valid interaction model,

and finally, we showed that Sys’ is a valid interaction system.

Next, we have to show that Sys” has exclusive communication. If the intersec-
tion of two interactions &, § € Int’ is nonempty, i.e., a N B # @, we know that
the actions in the intersection are equal and thus have the same superscript.
Since every action in « is superscripted with compset(x) and every action
in B with compset(f), we conclude that compset(a) = compset(S) holds (cf.
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Definition 5.1). Thus, Sys’ has exclusive communication. m

Proof of Lemma 5.6: Let Sys’ = EXCLUSIVE(Sys) denote the resulting system
of Algorithm B.8. The case that Sys’ is a valid interaction system has been
shown in the proof of Lemma 5.5. In order to establish the isomorphism of
the two systems (cf. Definition 2.18 with LTS; = [[Sys]] and LTS, = [Sys']),
we define a bijective function that maps the states, viz. f: S — S’, and one
that maps the labels, viz. g: Intgye, — Itype, U {7} (cf. Definition 2.6 for the
labeled transition system that represents the global behavior), and show that
for every initial state and every transition in one system, we find an equivalent
one in the other system. Note that Info,e, = Int"*" \ Intgil, as computed
by Algorithm B.8. For function f we can use the identity function since the
local state spaces of the components are not modified by Algorithm B.8, and
thus the Cartesian product of the local state spaces is the same for Sys and
EXCLUSIVE(Sys), i.e., we have S = S'. Since we also have S = S¥, we
conclude that for all s € S it holds that s € S° holds if and only if f(s) € S¥
holds.

The function g is defined as follows: For a € Inti,., weset g(a) = Tifa =T
and g(a) = {a®mpset®) | g € «} otherwise. Function g is injective since
every interaction is uniquely mapped to a version where the actions contained
in the interaction are superscripted by the set of participating components.
The surjectivity of g follows since all interactions in Intgpen are covered by
construction: An interaction can only be contained in Intgpen if an interaction
of the original system was modified by the for loop in line 7 of Algorithm B.8,

and an interaction is only closed in Sys’ if it is closed in Sys (cf. line 17).
Now, forall s,t € S and all « € Intgpen wWe have:

sy teVie Comp: (i(0) #0 = s; Whit) A (i(a) =0 = s;=1)
& (Vi€ compset(a): s; 185, t;) A (Vi ¢ compset(a): s; = t;)
& (Vi€ compset(a) Ja € a:s; %5 t;) A (Vi¢ compset(a): s; =t;)
& (Vi € compset(g(a)) Ja € g(a): s; —>i t;) A

(Vi ¢ compset(g(a)): s; = ;)
o 588 o f(s) By f(t) with B = g(a).

Analogously, for s —/ t—above we only quantified over all « € Intopen,
i.e., the case « = T needs to be treated separately—we can use the existence
of a v € Intqeseq that corresponds to the transition label to conclude that
s >t < f(s) ==’ f(t) holds. Now, we can conclude that for all s, t € S and
all « € Intgye, it holds thats — t if and only if f(s) B3/ £(t) with B = g(«).
Thus, the two systems are isomorphic up to transition relabeling. m
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Proof of Corollary 5.9: If |Comp| < 3 the premise of the corollary is false, i.e.,
the corollary holds. Thus, assume that |Comp| > 3 and that the premise of the
corollary holds. Number the components via a bijective function f: Comp —
{1,...,n} with n = |Comp| in an arbitrary way with number 1 being the
middle component m and number n being the chosen border component k,
ie., f(m) =1and f(k) = n holds. Then apply Theorem 5.7. n

Proof of Theorem 5.10: Assume that the premise of the theorem holds. We
show the claim by induction over the “eccentricity levels” of the component
graph, where such a level denotes all vertices with the same eccentricity. Note
that the innermost level corresponds to the center of the graph, where the
eccentricity of the vertices equals the radius, and that the outermost level
corresponds to the periphery, where the eccentricities equal the diameter (cf.
Definition A.7).

From the premise, we know that |Comp| > 3 holds and that the architecture
is tree-like, thus we have diam(G) > rad(G), i.e., there are at least two eccen-
tricity levels. For the base case, we assume that diam(G) = rad(G) + 1 holds.
We have to distinguish two cases:

1. diam(G) =2 and rad(G) = 1 and
2. diam(G) = 3 and rad(G) = 2.

Note that other cases are not possible (if diam(G) = rad(G) + 1), since we
have at least three vertices and G is a tree in the graph-theoretical sense.

Case 1: In this case, the interaction system has a star-like architecture since the
maximal distance of a pair of vertices is two. We have C; = {Comp}, and m; 1
denotes the middle component of Sys and by ; an arbitrary border component.
We are given a bijective function f; ; that numbers the components such that
number 1; ; denotes 1 ; and number 71 ; denotes by ;. From the premise, we
know that for all 211 <i;1 < ny1 holds

Sys[{ll.lr 11,111 + 1}] \\ IA11,111'1A1 ~p Sys[{ll.lzil.l + 1}] \\ flllzil.l'

Thus, if we set in Theorem 5.7 the function f to f1.1, we can conclude that

Sys\ I ~5 Sys[{111,m1}]\ I

holds since each set [;,, ;. equals the respective set [;; of Theorem 5.7 if
f = fi1. Since center(G) = {111}, we can set K = {171}, and with M =
{111,111} the claim follows for this case.

Case 2: In this case, we have |center(G)| = 2. Let k; and k; denote the two com-
ponents whose vertex representations lie in the center of the component graph,
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i.e., center(G) = {ki,kp}. From the statement, we have C; = {C;,,C;,}
where C}; = {k1} Unbg (k) and C;, = {k»} Unbg(kz). We are given two bi-
jective functions f1: C5; — {121,..., 121} withnp1 = |C3,| and f2: C5, —
{12.2, .. .,1’12,2} with 1y, = |C’£2| where fzf.ll(lzhl) = ky, fill (le.l) = ky and
fa 21(12,2) = ko, f5, zl(nz‘z) = ki because the eccentricity of k; and k; equals 2
and all other components have an eccentricity of 3.

From the premise, we know that for all 2,1 < i; < ny; holds

53/5[{12.1, i21,121 + 1}] \\ T12.1,1'2.1 %!? Sys[{12.1,i2.1 + 1}] \\ f12.1,i2.1'

Thus, if we set in Theorem 5.7 the function f to f,1, we can conclude that

Sys[Co1] \ I+ =5 Sys[{121,1m21}] \ It )

holds with It = Uy, <i,,<ny; [121,i, Since each set [, ;,, equals the respective
set IALi of Theorem 5.7 if f = f51.

Analogously, we can conclude (with f := f,5) that

Sys[Coo] \ Iy =5 Sys[{122,m22}] \ It (6]

holds with [} = U2,y p<ing <, fi,,;,, since each set Iy, ;,, equals the respective
set IAM of Theorem 5.7 if f = fr2.

Observe that we have [ = [} U [y and C}, U C;, = Comp. Now, we have (the
used proposition and equation is listed in parentheses at the end of each line):

Sys\ [
= Sys[C3, UG, \ 1 (3.20)
= Sys[{121,...,m21} U{log, ..., maa I\ I
= Sys[{121,...,m21} U{222,...,m22 —1}]\ I (122 = n21and n = 121)
= Sys[C31 U C3o \ {122, maa} ]\ 1

= Sys[cil] Y Sys[cf.z \ {12.2/ nZ.Z}] \\ IAU Intclosed (3-21)
( 51,05, \122m20} ) T’
= (swslC3] ® Sys[C3a \ {122, m22}]) \ I (3.23)
I{lz.lrnz.l}'CE_Q\{lzzrnzz}
= (swslcs V@ SslGa\ {laama}]) \ I (319)
I{12.1'”2.1}'Ciz\{lzzmzz}
~y (SyS {121, m21 3]\ It ® Sys[C3, \ {122, ”2.2}]) W' ()
{1p1121},C5 5\ {12222}
= (sysl{tzma}] ®  syslCh\ {laama}]) \I' (315)

{12.1.m2.1}1,C5 5\ {10222}

= Sys[{llll ”2.1} U CE(.Z \ {1242/ nZ-Z}] \\ TU Inteosed (3-21)
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= Sys[C3o I\ I (121 = napand n31 = 122)
= (SyslCs2} I\ B\ T (3.15)
~ (Sysl{122,maa b\ I \ 1 (Equation (4))
= Sys[center(G)] \\ (3.15)

The last equation follows because we have {155,122} = {kz, k1 } = center(G).
Note that when we applied Equations (1) and (}) in the reasoning above, we
also used Propositions 3.12 and 3.17. In the line that follows the line where
we use Proposition 3.21 for the second time, we can drop Intosq from the
closing operator analogously to the reasoning in the proof of Theorem 5.7, i.e.,
all interactions of Int[{151,1,1}] that are a subset of a closed interaction of the
whole system Sys are also contained in [ or Infqeseq [C5,] respectively. This is
ensured by the exclusive communication of the system.

The reasoning above shows the two base cases. We continue with the induction
step and show that for all eccentricity levels ! € N withrad(G) < I < diam(G)
holds

Sys| U Cryl \ T ~5 Sys| U Gyl \ I

rad(G)<x<I, 1<y<|C| rad(G)<x<I-1,1<y<|Cf]

To put it differently, we show that we can get rid of the current outermost
eccentricity level with respect to index [. We have:

Sys| U Cr I\ 1
rad(G)<x<I,1<y<|C}|

=sysl U ¢,u U ¢, U U Cr N\ T

1<y<|C}| 1<y<|Cr 4| rad(G)<x<I-2,1<y<|C¥|
K

=Sys] U G, U U Gy UKNI
1<y<|Cf| 1<y'<IC |

= SyS[ U ny U ( U ;ll.y’ \ U {11_]///, nl.y”}) U K] \\ f
1<y<|Cy| 1<y'<IC4 | 1<y"<|Cr|

L
Observe that for all indices v’ we find a " such that {1 Ly's nl.yu} - Cl*—l.y/
= Sys] U Ciy ULUK] \ I
1<y<I|Cf|
h\,—/
C
Since C N (L UK) = @ because of the observation, we can apply P. 3.21

= (SyS[C] I® Sys[L U K]) \ fu Intdoseg
C,L \/

I/



E4 Proofs from Chapter 5 259

= (Sys[C] ® Sys[LUK]) WP withC' = |J {1, m,}andP.3.23)
Lo 1<y<|ct|

- (Sys[c:] \I ® Sys[LUK]) W (with [ = U Ty,
IC,'L 1§y§|cr|/zl.y§il.y<nl.y

We could apply Proposition 3.15 here since [; C I’
_ (Sys[ U ci\b & sysLu K]) \
C/,L

1<y<|Cy|
~ (Sys[ U {Lymy I\ Z® Sys[LU K]> \ (see below)
1<y<Icy| oL
= <Sys[ U {uymy}] ® Sys[lLU K]) \ (Proposition 3.15)
1<y=I0f) TeL
= (Sys[ U {Ly, iy, y ULU K]) \ T U Intgosed (Proposition 3.21)
1<y<|Cy|
= SyS[ U {1l‘y, Tll.y} U ( U Cffl.y’ \ U {1l_y//,nl.y//}) U K] \\f
1<y<(cf] 1<y'<er | 1<y"<(Cf]
=Sys] U {Lymytu U Gy UKNT
1<y<[Cf| 1<y'<|Cr |
=Sys| | Clyy U U Ciyl\ I (observation above)
1<y<I[Cr 4| rad(G)<x<I-2,1<y<|C|

= Sys| U I\ T

rad(G)<x<I-1,1<y<|C|

Observe that this reasoning proves our inductive step if we show that

sysl U CrI\ I & sysl U {Lim I\ *)

1<y<[Cf| 1<y<[Cf|

holds where [; = Ui<y<ier, 21, iy <niy Then, the reasoning above is

f1 Ly

yrtly
valid because of Propositions 3.12 and 3.17. Again, exclusive communication
ensures that we can drop the set Infjyseq from the closing operator in the line

that follows the line where we use Proposition 3.21 for the second time.

We show Equation (%) by an inductive argument over index y (or the size of
the set C}), i.e., we show for all indices k € IN with 1 < k < [C/| that

Sys[ U C?y U U {L.yrnl.y}]\\jl %bA SyS[ U Cl*y U U {1l.yznl.y}]\\fl

1<y<k k<y<|cf| lsysk—1  k=1<y<|C/|

holds. In order to be able to prove this claim, we first show that for each fixed
k as above (i.e., with 1 < k < |C}"]) it holds that

Sys[CHI\ Tk =5 Sys[{ Lk nic}) \ Ik
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where [}, = Ua,, <iy o<y, flLk,iuc' From the premise, we know that for all 2;; <
ijx < nyx holds

Sysl{Lik ivks ik + 1\ iy 5 Sysl{lig i + 13\ Fry iy

Thus, if we set in Theorem 5.7 the function f to f;;, we can conclude that
the claim holds since each set IAll'k,il'k in I equals the respective set fl,i of
Theorem 5.7 if f = fi.

We proceed with the inductive argument to show Equation ():

Sys| U C;y U U {1l.yrnl.y}] \\fl

1<y<k k<y<|Cf]
=Sys[Cr, U U G, U U {uy, my}] \
1<y<k—1 k<y<|ct|
=SysiCu (U Gy v U {ymy )\ {liwmad I\ i
1<y<k—1 k<y<|Ct|
K
= (Sys[cl*_k] ® Sys[K]) \ [} U Intgosed [Cly U K] (Proposition 3.21)
ka,K jl/
= (Sys[Cl*_k] { ® } Sys[K]) \p4 (Proposition 3.23)
RAZURIZS

= (Sys[Cl*_k] Vir ® Sys[K]) NI}  (Proposition3.15and fj; C )

{1 b K

S (Sys[{ll,k, np I\ iy ® Sys[K]) \ [/ (see above & P.3.12, 3.17)

[ERZINIES
= <Sys[{1l,k, nxt]  ® Sys[K]) \WA (Proposition 3.15)
e} K
- (Sys[{ll.k/ nx} U K]) \ 1 U Intaosea [Crx U K] (Proposition 3.21)
=Sysl{lemy U (U Gy v U ALy myh) Ve md ]\
1<y<k-1 k<y<|C}|
=Sys{{lienct U U G, U U {lymy I\
1<y<k-1 k<y<ICj|
= SyS[ U ny U U {1l.y1 nl.y}] \\fl
1<y<k-1 k—1<y<|Cf|

In the line that follows the line where we use Proposition 3.21 for the second
time, exclusive communication, as discussed above, ensures that we can drop
the set Intoseq [Cf, U K] from the closing operator.

Thus, the induction lets us conclude that the theorem holds. n
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Proof of Corollary 5.14: If |Comp| < 3 the premise of the corollary is false, i.e.,
the corollary holds. Thus, assume that |Comp| > 3 and that the premise of the
corollary holds. Number the components via a bijective function f: Comp —
{1,...,n} with n = |Comp| in an arbitrary way with number 1 being the
middle component m and number n being the chosen border component k,
ie., f(m) =1and f(k) = n holds. Then apply Theorem 5.13. n

E5 Proofs from Chapter 6

Proof of Lemma 6.2: Assume that Sys contains a deadlock s € S. Consider
the local states s; of the components in s. Since no interaction is enabled in s,
for all such s; it holds that all interactions « € Int(s;) are blocked, i.e., for each
a, we find a component j € Comp with j(a) # @ and « ¢ Int(s;)—otherwise
« is enabled in s. Thus, each component i waits for a component j because
of such an a. Since there is only a finite number of components, at least one
component k must wait for an already considered component, i.e., we get: i
waits for j which waits for ... which waits for k, and k waits for a component
between i and k. Considering the components of this cycle and ordering them
according to the waiting relation results in the statement of the lemma. m

Proof of Lemma 6.4: Assume that the cooperation graph Geoop = (V,E),
components i,j € Comp, and interaction a € Int with i # jand {i,j} C
compset(a) are given. Since the cooperation graph is connected by assump-
tion, we can find by depth-first search a path 7; with |7},[ = k for k € N,
;0] = {i}, mij[k — 1] = {j}, and 7 [K'] = compset(a) for k' € IN with
0<k <k—1,ie, nff]- is a cooperation path (cf. Definition 6.3). Thus, we have
i = (°,..., ") according to Definition A.3 with v = {i}, o~ = {j},
and ¥ = compset(x). We have v° C v¥ and v¥~1 C o¥' (Property 1 for o"
and kal), and since all these vertices are different, we conclude \71;"]| >3
(Property 3). From the definition of the cooperation graph (cf. Definition 4.4)
and the reachability of o¥ from 0, we know that there is a path from 9 to o
such that for all intermediate vertices v/’ with 0 < I’ < k' holds ° C o C o¥
since v° and v are only connected if v° C o', v and v ~! are only connected
if v¥'~1 C v¥, and a similar reasoning also shows that this holds for all pairs
of successive intermediate vertices (cf. the definition of the edges in the co-
operation graph in Definition 4.4). Observe that ° C ¢! and v C o¥ for
all0 < I" < k' implies [0'| > 2 and v/ C compset(a) (Properties 1 and 2
for all v!"). Analogously, we know from the reachability of v*~! from v¥' that
there is a path from v¥ to v*~! such that for all intermediate vertices v!" with
k' < 1" < k—1holds oK D v!" D vk1 i, also [0""| > 2and v!" C compset(a)
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holds (Properties 1 and 2 for all ©"). Reconstructing 7% with o0, o¥', v*~1,

and all intermediate vertices v/, 0 < I’ < k', and v/", k' < 1" < k—1, i.e.,
nﬁj = (o0,...,0",..., 0", ..., 0", ..., o5F1), results in a cooperation path for

which Properties 1, 2, and 3 hold. n

Proof of Lemma 6.5: First observe that if Sys has a disjoint circular wait free
architecture, then its cooperation graph is connected. We prove the claim
by contradiction. Assume that no such paths exist, i.e., for all components
i,j,k € Comp and interactions «, f € Int it holds that all cooperation paths
nffj and nﬁk only have vertices in common that represent components, i.e.,
VoeVivem ANove nﬁk = |v| < 2. By Lemma 6.2, we know—
because of the deadlock—that a set D C Comp exists such that we can order
the components in D in the following way: For 0 < I < |D| it holds (with
ijp| = ip) that component i; € D wants to perform an interaction «; € Int,
component i;;1 € D is needed by i; to perform «;, and 7;,; is unable to
perform «;. We now consider the corresponding cooperation paths 7'(5’ ir,, for
all 0 < < |D|. By concatenating these paths, we get a path 7 that contains
all vertices representing components in D. Since we assumed that no two
cooperation paths share a common vertex that does not represent a component,
the path 7t also contains a simple cycle in the cooperation graph Geoop- But, this
contradicts the disjoint circular wait freedom of Sys’s architecture because now
a simple cycle exists in Geoop that contains more than one vertex that represents
a component. Thus, there must be a component iy € D with 0 <!’ < |D| such

. o o . . . . .
that the cooperation paths 77;”.  and nil’l/+1il/ (withijp| = i, i|p|41 = i1, and
+11 42

ll”ill+1
ap| = «p) have a vertex v in common that does not represent a component, i.e.,
|v| > 2 holds. By setting i := iy, j :=ipyq, k 1= ipyp, 0 := ap, and B 1= apq,

the claim follows. ]

Proof of Theorem 6.6: According to Lemma 6.5, we can find components
i,j,k € Comp and interactions &, § € Int withi # j,j # k, {i,j} C compset(a),
and {j, k} C compset(p) such that a vertex v with |v| > 2 of the cooperation
graph Geoop exists that is contained in both cooperation paths of the lemma,
ie,v € n;’f]. and v € nﬁk. From the proof of Lemmata 6.2 and 6.5, we know
thata set D C Comp and a component i; € D exist such that these components
and interactions can be chosen such that in the deadlocked global state s
component i = i; is able to perform interaction & = «j, i.e, & € Int(s;),
component j = ij,1 is able to perform interaction = a;.4,i.e., f € Int(sj),
and j is unable to perform «, i.e., & ¢ Int(s]-). Thus, all we have to show is
|compset(a) N compset(B)| > 2. By Lemma 6.4, we know that for all vertices
on the cooperation paths 7j’; and nﬁk it holds that they are subsets of the
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components participating in the interactions a and p respectively. Thus, for
vertex v from above, that occurs on both paths, holds v C compset(«) and
v C compset(B), i.e., v C compset(a) N compset(p). Since |v| > 2, also
|compset(a) N compset(B)| > 2 holds. n

Proof of Corollary 6.7: Observe that the statement of the corollary corresponds
to the negation of the statement of Theorem 6.6 with the following adjustment:
Instead of requiring that there is an interaction g € Int(s;) with |compset(a) N
compset(pB)| > 2, we can check whether compset(a) N coopset(s;) # @ holds,
since this implies that there is such an interaction S. m

Proof of Theorem 6.9: Directly follows from Corollary 6.7, since no problem-
atic states exist, i.e, no two components i, j € Comp, interaction « € Int, and
local states s; € S; and s; € S; with i # j, {i,j} C compset(a), & € Int(s;),
a ¢ Int(s;), and compset(a) N coopset(s;) # @ exist because all PS;(s;, a) C
{sj € Sj | « & Int(sj) A compset(x) N coopset(s;) # D} are empty. If
PS;(s;,«) is a proper subset, then all other states in the superset are either
independent or any combination (s;, s;) of corresponding states is either not
reachable or able to perform an interaction in which only i and j participate
globally (cf. Definition 6.8), i.e., this state combination cannot be part of a
reachable deadlock. -

Proof of Theorem 6.12: Let Sys be an interaction system which has a disjoint
circular wait free architecture. We assume Int.yseq = @ for the proof, i.e.,
Int = Intopen, and address the presence of closed interactions at the end. Let
Geoop = (V,E) be Sys’s cooperation graph. We prove the claim by contradic-
tion. Assume that the two conditions of Theorem 6.12 hold, although Sys is
not deadlock-free.

Before we continue, we want to give short sketch of the main idea for the proof:
We now consider an arbitrary reachable deadlock and take a look at the entry
interactions of a certain set D of components where for all corresponding local
states there is a problematic state of another component that is also contained
in D. We show how such a set D can be found (which has to exist because of
the disjoint circular wait free architecture). Afterwards, we show that either
condition one is violated if there is no interaction on the path to the deadlock
where only components in D or at least one cycle component, i.e., a component
whose vertex representation lies on a simple cycle in Geoop (cf. Definition 4.6),
in D participate in, or there is such an interaction and we have a contradiction
to the second condition.
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Thus, there is a deadlocked global state s € S and a sequence ¢ starting in
a global initial state s € S with s %0 st A5 s g for a fixed m € IN.
First, we show that we can choose a set D C Comp with |D| > 2 similarly to
Lemma 6.2 but with additional properties that are helpful in the following:
For all components i € D and all a € Int(s;) it holds that

(P1) a component j € compset(a) \ {i} exists with j € D and s; € PS;(s;, &),

(P2) for all B € Int with |compset(a) N compset(B)| > 2 holds cycleset(B) N
D # @ or compset(f) C D, and

(P3) forall B € Int with |compset(a) Ncompset(B)| > 2itholds thata g’ € Int
exists with i(B) N B’ # @ and compset(B’) N coopset(s;) # @.

We show how such a set D can be found—afterwards, we argue why this
is always possible. We modify the cooperation graph Geop in the following
way: Set G' = (V/,E') with V/ = V and E' = E. We repeat the following
steps until a fixed point is reached: Consider every component i € Comp
whose vertex representation {i} is contained in V’: If an interaction & €
Int(s;) and a component j € compset(a) \ {i} exist such that compset(a) N
coopset(s;) = @, then: (i) If cycleset(a) = @, consider the second last vertex
on the cooperation path 717, i.e., the vertex v that is adjacent to the vertex
w representing j. Remove the edge between vertex v and w, this divides
G’ into two connected components since cycleset(a) = @. Keep only the
connected component that contains w as the new G’. (ii) Otherwise, i.e., if
cycleset(a) # @, remove i from all vertices, i.e., any vertex v € V’ becomes
v\ {i}. If this removal creates a vertex that corresponds to the empty set,
we remove this vertex and all incident edges. Again, if this removal divides
G’ into connected components, keep only the one that contains the vertex
representing j as the new G’.

After this modification, a set D of components remains in V' with |D| > 2.
Otherwise, Sys’s architecture is not disjoint circular wait free, because if there
is no such set D, pick a component i € Comp. We know that a € Int(s;)
and j € compset(a) \ {i} exist such that compset(«) N coopset(s;) = @. Fix
the cooperation path ﬂffj. Consider j. Again, there is a f € Int(s;) and a
k € compset(B) \ {j} with compset(8) N coopset(s;) = @. Fix the cooperation
path nﬁ - Now, we know that these paths do not share a common vertex v with
|v| > 2 because otherwise, there is a component ! € compset(a) N compset(p)
with [ # j. Then, I € coopset(s;) since B € Int(s;). But, since | € compset(«)
this implies compset(a) N coopset(s;) # @ which contradicts our assumption
about G’. Thus, no vertex v exists that is contained in both paths. Now, we
repeat this argument for all components. Since s is a deadlock and Comp is
finite, at least one component waits for an already considered one (similar
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to the proof of Lemma 6.2), i.e., we can concatenate all above constructed
cooperation paths to a cycle in the original version of Goop. But, this contra-
dicts the assumption that Sys has a disjoint circular wait free architecture since
this cycle contains a simple cycle where more than one vertex representing a
component lies on. Thus, we find a set D C Comp with |D| > 2.

Next, we show that also the properties P1, P2, and P3 hold for D. For all
i € Dand all « € Int(s;), we find a j € compset(a) \ {i} such that j € D
and compset(a) N coopset(s;) # @ holds, because otherwise, the vertex repre-
senting i is not contained in the graph G’ where the set D is extracted from.
Analogously as in the proof of Theorem 6.9, we can then conclude that also
Sj € PS]-(sl-, «) holds, i.e., we have established Property P1 of D. Next, we show
that also Property P2 holds. By way of contradiction, assume that there is an
i € D,wa € Int(s;),and B € Int such that |compset(a) N compset(B)| > 2 holds
but cycleset(f) N D = @ and there is a k € Comp \ D with k € compset(f).
Assume cycleset(p) = @. Pick a component j € compset(a) N compset(p).
Since i € D, also j € D holds. Consider the cooperation path ﬂ]/f,j. Since
k & D, the edge connecting the second last vertex on the path and vertex
{j} was removed in the construction of G’. But, since the connected com-
ponent containing {j} is kept, the vertex compset(a) N compset(B) and thus
also the vertex {i} are not contained in V’. This contradicts i € D. Thus,
assume cycleset(B) # @. All components j € compset(x) N compset(p) are
contained in D since i € D. Since cycleset(f) N D = @, for all components
k € cycleset(p) holds k ¢ D and thus k ¢ compset(a) N compset(p). Be-
cause each k was removed in the construction of G’, we find at least one
k € cycleset(B) with B € Int(s;) and a j € compset(a) N compset(f) as above
with compset() N coopset(s;) = @—since the connected component that
contains {j} is kept in the construction of G’. Consider the cooperation path
n,frj. We also have (compset(a) N compset(B)) N coopset(s;) = @. But, this
means that for component i and interaction &, we found a component j with
compset(ax) N coopset(s;) = @. Again, this contradicts i € D. Thus, Property
P2 holds for D.

In order to see why Property P3 holds too, again assume that there is an
i € D,wa € Int(s;),and B € Int such that |compset(a) N compset(B)| > 2 holds
but for all g’ € Int with i(B) N B’ # @ holds compset(B’) N coopset(s;) = @.
Consider a component j € compset(B) N compset(a). As above, we know
that j € D. Now, we know by assumption that for all interactions y € Int(s;)
with i € compset(y) holds compset(y) N coopset(s;) = @. There is at least
one such 7 for a j as above since i,j € D. But, this means j ¢ D since j is
removed in the construction of G’ because of i. Thus, Property P3 holds for D.

Next, we consider sequence ¢ given at the beginning of the proof that leads
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to deadlock s where we use (as already mentioned after the statement of the
theorem) the abbreviations PEI(s;, B) := Ujccompset(p)\ {i} Us,eps; (s,.6) El(s;, s;)
and IPEI(s;) := Ngegme(s;) PEL(si, B) for a states; € S; and an interaction B € Int.
We distinguish two cases:

1) For all indices ! of sequence ¢ with 0 < I < m holds |compset(«;)| = 1 or
cycleset(a)) N D = @ and there is a k € Comp \ D with k € compset(a;).
Then, for all i € D and all such a; holds: Either i(x;) = @, i(a)) # @
and |a;| = 1, or i(a;) # @ and |a;| > 2. In the last case, we know that
cycleset(x;) = @ holds, since otherwise cycleset(a;) N D # @ holds be-
cause i € D. We show that in either case compset(«;) N coopset(s;) = @
holds. For the already considered cases we are done. But in the last case, we
know that a k € Comp \ D exists with k € compset(x;). Assume thata j €
compset(a;) \ {i} exists with j € coopset(s;). Then, there mustbe a p € Int(s;)
with j € compset(p). We conclude {i,j} C compset(B) N compset(a;) and
thus |compset(f) N compset(a;)| > 2. Since i € D and B € Int(s;), Property
P2 of D and cycleset(x;) = @ implies compset(x;) C D. But, this contradicts
k € compset(a;) and k ¢ D. Thus, compset(x;) N coopset(s;) = @ holds.
Summarizing, we get for all i € D that NBRS(s;) N S? # @ since each ac-
tion of such an i occurring on sequence ¢ is not an action that is (only) used
for cooperation with components that i wants to cooperate with in s;. From
Property P1 of D, we know that for all i € D and all « € Int(s;) it holds
that a j € compset(a) \ {i} exists with j € D and s; € PS;(s;,«). For all
such j, the same reasoning as above shows NBRS(s;) N S? # @. Thus, we
can conclude that for all i € D and all « € Int(s;) it holds that a component
j € compset(a) \ {i} exists with (U;,cps,(s,) NBRS(s;)) N S? # @. But this
contradicts Condition 1 of the theorem.

2) From the reasoning in Case 1, we know that we can find a maximal index
I with 0 < I < m for sequence ¢ with |compset(x;)| > 2 and cycleset(a;) N
D # @ or compset(a;) C D. For all subsequent interactions on o, i.e., all
ap with I < 1” < m, holds |compset(a;)| = 1 or cycleset(ay) N D = @ and
Jk € Comp \ D: k € compset(ay ). Thus, an analogous argument as in Case 1
shows that for all i € D we have sﬁ“ € NBRS(s;), i.e., the local state after the
execution of a; on ¢ is in the non-interfering backward reachable set of the
local part of the deadlock. Since |compset(a;)| > 2, we have to distinguish
two subcases:

2.1) compset(e;) € D. We already showed that s/*! € NBRS(s;) holds for
alli € D. Choose a component i € compset(¢;) and a § € Int(s;). From
Property P1 of D, we know thata j € compset(p) \ {i} exists with j € D and
sj € PS;(s;, ). Since j € D, we can conclude that (sﬁ“,sé“) € NBRS(s;) x
NBRS(s;) holds. From Property P3 of D, we have 3a’ € Int: i(a;) Na' #
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@ A compset(a’) Ncoopset(s;) # @. Thisimplies a; € El(s;, s;) since (sf,sé) is

reachable in [[Sys[{i, j}]]] and (sf,sé) € Pre((sf.“,sl.ﬂ), {a;N(A;UAj)}). Now,
we see that for all g € Int(s;), we have a; € PEI(SZ', B) and thus a; € IPEI(s;).
Analogously as for i, we get a; € IPEI(sy) for all k € compset(a;). But, this

contradicts Condition 2 of the theorem.

2.2) cycleset(a;) N D # @. Choose a component i € cycleset(x;) N D. From
Property P1 of D, we know that for all B € Int(s;) a j € compset(p) \ {i}
exists with j € D and s; € PSj(s;, ). From above we can conclude that
(sf“,sﬁ“) € NBRS(s;) x NBRS(s;) holds since j € D. A similar reasoning as
in Case 2.1 shows that Property P3 of D implies ; € EI(s;, s;). Now, we see
that for all B € Int(s;), we have ) € PEI(s;, ) and thus a; € IPEI(s;). But

again, this contradicts Condition 2 of the theorem.

Thus, Sys is deadlock-free since if the conditions of the theorem hold and a
reachable deadlock exists, we can find a contradiction as shown above: If there
is no interaction on the path to the deadlock where only components in D or
at least one cycle component in D participate in, then there is a contradiction
to the first condition. Otherwise, if there is such an interaction, we have a
contradiction to the second condition. We have to address one more item from
the very beginning, viz. the presence of closed interactions. In the beginning
of the proof, we stated that in case of the presence of a reachable, deadlocked
global state s € S we can find a sequence ¢ starting in a global initial state
s € SO with s0 %0y gt f1y | f&my 5 for a fixed m € IN. In the presence of
closed interactions some of the a;, 0 < I < m, of this sequence may correspond
to 7. However, we know that in this case an interaction exists that we can use
for our reasoning instead, i.e., if we have s’ —= s'*1 on the sequence ¢ where
0 < I < m, we know from Definition 2.6 that an interaction «; € Int exists
such that for all i € Comp either i(a;) = {a;} foran a; € A; and s; —, t; holds
or we have i(a;) = @ and s; = t; where s; correspond to i’s local part of the
global state s’ and t; to its local part of s'+1. Thus, closed interactions do not
cause a problem with our reasoning above. n

F.6 Proofs from Chapter 7

Proof of Lemma 7.7: The claim directly follows from the properties of branch-
ing bisimilarity with explicit divergence which preserves deadlock-freedom.
A reachable deadlock in Sys[{i}] implies a reachable state without successors
in [[i]] and also in [[i:p]] because of the port conformance. Thus, this state also
occurs in [{i:p}]. The other direction follows with an analogous argument.g
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Proof of Theorem 7.8: Assume that the assumptions of the theorem are satis-
fied and that Sys is not deadlock-free. We now successively consider subsys-
tems of cooperating components of increasing size in an induction like manner,
i.e., assume that there is a set C C Comp of components such that Sys[C] is

deadlock-free. Such a set of size at least one must exists since each Sys[{i}]

with i € Comp is deadlock-free because of Lemma 7.7. Now, pick a component
j ¢ C that cooperates with a component in C and consider C' = C U {j}.
Assume that Sys[C'] is not deadlock-free, although a component i € C and

a port i:p € ports(i) exist such that i:p is connected to a port j:g € ports(j)

and the port behavior [{i:p,j:q}] is T- and deadlock-free—which follows
from the assumptions. Note that the port behavior [{i:p, j:q}] cannot contain
T-transitions since the port protocols are T-free and a 7-transition in a port
behavior always corresponds to a T-transition in one of the involved port
protocols (cf. Definition 7.4). Since interaction system Sys[C’] is not deadlock-
free, there is a reachable global state s € S that has no successor. Since the
corresponding state sc € Sc in the system without j is deadlock-free, there
must be an action a; € A; and states s;, t; € S; with s; being i’s local part in s¢

and s; —&, t;. But, the corresponding interaction a with i(a) = i:p(a) = {a;}

is not available in sc anymore—due to the deadlock, i.e., there must be an
action a; € Aj with j(«) = j:q(a) = {a;} that is not enabled in j’s local part
s; in sc. Consider the behavior of the subsystem Sys[{i,j}] and the state
(si,sj) of [Sys[{i,j}]]l, which is reachable from an initial state in [Sys[{i, j}]]

since the deadlocked global state s¢r is reachable in [Sys[C’]]. Now, a state
(SipsSjg) € Sizp gy With (si,5:p) € Rap and (sj, sj,) € Ria is also reachable
in the port behavior [[{i:p, j:q}] because of the port conformance where R~

and Rf“? denote the corresponding relations that establish the branching bisim-
ilarity with explicit divergence. But then, Sys[C’] cannot be deadlocked since at
least one B € Inty;., i,,—and thus B € Int[C']—is enabled in (s, s;,;) because
of the port behavior’s deadlock-freedom, and this  can neither be blocked by
i—because i’s cooperation with the other components in C is deadlock-free—
nor by j—because the only cooperation partner of j is i—in [[Sys[C']]] because
otherwise the port behavior [[{i:p, j:q}]] contains a 7-transition or Sys does
not have a tree-like protocol architecture. Thus, applying this induction until
all components are covered, i.e., C' = Comp, yields the deadlock-freedom of
interaction system Sys. ]
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