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Preface

This volume contains the proceedings of the first joint PAPM-PROBMIV Work-
shop, held at the Rheinisch-Westfalische Technische Hochschule (RWTH) Aachen,
Germany, 12-14 September 2001.

The PAPM-PROBMIV workshop results from the combination of two work-
shops: PAPM (Process Algebras and Performance Modeling) and PROBMIV
(Probabilistic Methods in Verification). The aim of the joint workshop is to
bring together the researchers working across the whole spectrum of techniques
for the modeling, specification, analysis, and verification of probabilistic systems.
Probability is widely used in the design and analysis of software and hardware
systems, as a means to derive efficient algorithms (e.g. randomization), as a
model for unreliable or unpredictable behavior (as in the study of fault-tolerant
systems and computer networks), and as a tool to study performance and de-
pendability properties. The topics of the workshop include specification, mod-
els and semantics of probabilistic systems, analysis and verification techniques,
probabilistic methods for the verification of non-probabilistic systems, and tools
and case studies.

The first PAPM workshop was held in Edinburgh in 1993; the following ones
were held in Regensberg (1994), Edinburgh (1995), Torino (1996), Enschede
(1997), Nice (1998), Zaragoza (1999), and Geneva (2000). The first PROBMIV
workshop was held in Indianapolis, Indiana (1998); the next one took place in
Eindhoven (1999). In 2000, PROBMIV was replaced by a Dagstuhl seminar on
Probabilistic Methods in Verification.

The PAPM-PROBMIV workshop is held in conjunction with two other work-
shops: 11th GI/ITG Conference on Measuring, Modeling, and Evaluation of
Computer and Communications Systems (MMB), and the 9th International
Workshop on Petri Nets and Performance Models (PNPM). Together, these three
workshops form the 2001 Aachen Multiconference on Measurement, Modeling,
and Evaluation of Computer-Communication Systems. We hope that this setting
fosters the exchange of ideas with neighboring research fields and allows for a
comparison of different viewpoints towards similar problems.

Of the 23 regular papers, 12 were accepted for presentation at the workshop
and are included in the present volume. The workshop is preceded by three
tutorials, given by Joost-Pieter Katoen (University of Twente) on Probabilistic
verification of Markov chains, by Marina Ribaudo (University of Torino) on An
introduction to stochastic process algebras, and by Roberto Segala (University
of Bologna) on Nondeterminism in probabilistic verification. The workshop in-
cludes three invited presentations, by Shankar Sastry (University of California,
Berkeley), Markus Siegle (Friedrich-Alexander Universitit Erlangen-Niirnberg)
and Frits Vaandrager (University of Nijmegen).

We thank all the members of the program committee, and their sub-referees,
for selecting the papers to be presented. Special thanks are due to Boudewijn
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VI Preface

Haverkort (University of Aachen), the general chair of the multi-conference and
local organization, and Peter Kemper (University of Dortmund), the tool ses-
sion chair. Our thanks go to the following organizations for their generous spon-
sorship of the Aachen multiconference: German Research Association (DFG),
IBM Deutschland, Siemens AG Miinchen (Information and Communication Net-
works), T-Nova Deutsche Telekom Innovationsgesellschaft mbH, and TENOVIS.
Our thanks also go to all the authors for meeting the tight deadlines which we
set without compromising on the rigor or clarity of their papers.

July 2001 Luca de Alfaro
Stephen Gilmore
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Advances in Model Representations

Markus Siegle

Lehrstuhl fiir Informatik 7, University of Erlangen-Niirnberg, Germany
siegle@informatik.uni-erlangen.de

Abstract. We review high-level specification formalisms for Markovian
performability models, thereby emphasising the role of structuring con-
cepts as realised par excellence by stochastic process algebras. Symbolic
representations based on decision diagrams are presented, and it is shown
that they quite ideally support compositional model construction and
analysis.

1 Introduction

Stochastic models have a long tradition in the areas of performance and depend-
ability evaluation. Since their specification at the level of the Markov chain is
tedious and error-prone, several high-level model specification formalisms have
been developed, such as queueing networks, stochastic Petri nets and networks
of stochastic automata, which allow humans to describe the intended behaviour
at a convenient level of abstraction. Although under Markovian assumptions
the analysis of the underlying stochastic process does not pose any conceptual
problems, the size of the underlying state space often renders models intractable
in practice. Structuring concepts have shown to be of great value in order to
alleviate this well-known state space explosion problem.

A process algebra is a mathematically founded specification formalism which
provides compositional features, such as parallel composition of components,
abstraction from internal actions, and the replacing of components by be-
haviourally equivalent ones. Therefore, stochastic extensions of process algebras
are among the methods of choice for constructing complex, hierarchically struc-
tured stochastic models.

Recently, decision diagrams, which were originally developed as memory-
efficient representations of Boolean functions in the area of hardware verifica-
tion, have been extended in order to capture the numerical information which
is contained in stochastic models. They have already been successfully used as
the underlying data structure in prototype tools for performance analysis and
verification of probabilistic systems. In this paper, it is shown that symbolic rep-
resentations based on decision diagrams are particularly attractive if applied in
a compositional context, as provided, for example, by a process algebraic spec-
ification formalism. In many cases, decision diagrams allow extremely compact
representations of huge state spaces, and it has been demonstrated that all steps
of model construction, manipulation and analysis (be it model checking, numer-
ical analysis, or a combination of the two) can be carried out on the decision

L. de Alfaro and S. Gilmore (Eds.): PAPM-PROBMIV 2001, LNCS 2165, pp. 1-22, 2001.
© Springer-Verlag Berlin Heidelberg 2001



2 M. Siegle

diagram based representations. Thus, we argue that decision diagrams fit in well
with structured modelling formalisms and open new ways towards increasing the
range of manageable performance evaluation and verification problems.

This paper does not intend to present new research results, but to survey the
history of structured model representations, with special emphasis on process
algebras and symbolic encodings. We provide many pointers to further reading,
without attempting to be exhaustive.

The paper is organised as follows: In Sec. 2, we survey the evolution from
monolithic to modular model specification formalisms. Sec. 3 reviews the concept
of stochastic process algebras. Sec. 4 introduces the symbolic representation of
Markovian models with the help of multi-terminal binary decision diagrams and
describes compositional model construction, manipulation and analysis on the
basis of this data structure. The paper concludes with Sec. 5.

2 From Unstructured to Structured Models

2.1 Monolithic Model Representations

Continuous Time Markov Chains (CTMC) are the basic formalism for specifying
performance and dependability models!. A CTMC consists of a (finite, for our
purpose) set of states and a finite set of transitions between states. The transi-
tions are labelled by positive reals, called the transition rates, which determine
transition probabilities and state sojourn times (the latter being exponentially
distributed). Time-dependent state probabilities can be derived by solving a
system of ordinary differential equations, and steady-state probabilities are cal-
culated by solving a linear system of equations (see, for instance [99]). In order
to save memory space, CTMCs are commonly represented as sparse matrices,
where essentially only the non-zero entries are stored.

The direct specification of a CTMC at the level of individual states and state-
to-state transitions is tedious and error-prone, and therefore only feasible for
very small models. This motivated researchers to develop high-level specification
formalisms for defining Markovian models at a level of abstraction which is more
convenient for the human modeller. The most popular of these formalisms are
queueing networks and stochastic Petri nets.

Queueing networks (QN), developed mainly in the 1960ies and 1970ies for
modelling time-sharing and polling systems, describe customers moving between
stations where they receive service after possibly waiting for a service unit to
become available. The aim of analysis is typically the mean or distribution of
the number of customers at a station, the customer throughput at a station, or
the waiting time. The success of queueing networks stems mainly from the fact
that for the class of product form networks [5] very efficient analysis algorithms,
such as Buzen’s algorithm [24] or mean-value analysis [86], are known, and that
software tools for the specification and analysis of QN models were available at

! In this paper, we do not consider the line of research on non-Markovian models such
as described, for example, in [47].
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an early stage [89,100]. Although QN have been extended in various directions,
e.g. in order to model the forking and synchronisation of jobs (fork-join QN,
[3,68,80]), the formalism of QNs is not suitable for the modelling of arbitrary
systems, but specialised to the application area of shared resource systems.

Stochastic Petri nets (SPN) were developed in the 1980ies for modelling
complex synchronisation schemes which cannot easily be expressed by queueing
models [79]. The modelling primitives of Petri nets (places, transitions, mark-
ings) are very basic and do not carry any application-specific semantics. For
that reason, Petri nets are universally applicable and very flexible, which is re-
flected by the fact that they have been successfully applied to many different
areas of application. In the class of generalised SPNs (GSPN) [1,2], transitions
are either timed or immediate. Timed transitions are associated with an expo-
nentially distributed firing time, while immediate transitions fire as soon as they
are enabled. During the analysis of a GSPN, the reachability graph is generated
and the so-called vanishing markings, which are due to the firing of immediate
transitions, are eliminated. The result is a CTMC whose analysis yields (steady-
state or transient) state probabilities, i.e. the probabilities of the individual net
markings, from which high-level measures can be computed.

Some software tools for performance modelling, e.g. USENUM [90], MARCA
[98], MOSEL (8] and DNAmaca [70], implement their own specialised model
description languages, which can also be considered as high-level specification

formalisms for CTMCs.

With the help of the high-level model specification formalisms considered
so far it is possible to specify larger CTMCs than at the state-to-state level,
but these formalisms do not support the concepts of modularity, hierarchy or
composition of submodels. As a result, the models are monolithic and may be
difficult to understand and debug. Moreover, state space generation and numer-
ical analysis of very large monolithic CTMCs is often not feasible in practice
due to memory and CPU time limitations, which is referred to as the notorious
state space explosion problem.

A large state space may become tractable if it is decomposed into smaller
parts [95,33]. Instead of analysing one large system, the decomposition approach
relies on analysing several small subsystems, analysing an aggregated overall sys-
tem, and afterwards combining the subsystems’ solutions accordingly. In general,
this approach works well for nearly completely decomposable (NCD) systems
whose state space can be partitioned into disjoint subsets of states, such that
there is a lot of interaction between states belonging to the same subset, but
little interaction between states belonging to different subsets. For the class of
reversible Markov chains, the decomposition/aggregation approach yields ex-
act results [32]. We mention that the approach may also be applied iteratively
(34,25]. The major question is, of course, how to best partition a given state
space, and in general this information should be derived from a modular high-
level model specification. Approximate decomposition-based analysis methods
for stochastic process algebra models (see Sec. 3) are discussed in [73], where
time scale decomposition is based on the concept of NCD Markov chains [65,72],
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and response time approximation relies on a structural decomposition for the
special class of decision-free processes [74]. Another such approach, based on the
exploitation of the structure of a special class of process algebraic models, is de-
scribed in [7]. Approximate decomposition-based analysis for nearly-independent
GSPN structures is considered in [27,30].

2.2 Modular Model Representations

Queueing models, stochastic Petri nets and the tool-specific modelling languages
mentioned above do not offer the possibility of composing an overall model from
components which can be specified in isolation. Such a composition, however,
is a highly desirable feature when modelling complex systems, since it enables
human users to focus on manageable parts from which a whole system can be
constructed. For instance, modern performance analysis advocates a separation
of the load model and the machine model, an idea developed already in [69,62,
63], and similar ideas are also applied in stochastic rendezvous networks [101]
and layered queueing networks [87]. As another, specific example, suppose one
wished to model a communication system where two partners communicate over
some communication medium. The model should reflect this structure, i.e. it
should consist of three interacting submodels, one for each partner, and one for
the medium. The user should be able to specify these three submodels more or
less independently of each other and then simply specify the way in which they
interact.

In the basic GSPN formalism, a model consists of a single net which covers
the whole system to be studied. Therefore, GSPN models of complex systems
tend to become very large and confused and suffer from the state space explo-
sion problem. Stochastic activity networks [88,35] constitute an approach to the
structuring of GSPNs through the sharing of places between different subnets. In
the presence of symmetric submodels, they tackle the state space explosion prob-
lem by directly generating a reduced reachability graph in which all mutually
symmetric markings are collapsed into one. Symmetries also play a predominant
role for the analysis of stochastic well-formed coloured Petri nets [26,43], where
a reduced reachability graph is constructed directly from the net description,
without the need to construct the full reachability graph first. Another line of
research is concerned with building SPNs in a structured way, basically by syn-
chronising subnets via common transitions, which is an instance of the Kronecker
approach described below.

Stochastic automata networks (SAN)?, developed in the 1980ies and 1990ies
[82,83,84,85], consist of several stochastic automata, basically CTMCs whose
transitions are labelled with event names, which run in parallel and may per-
form certain synchronising events together. Thus, the SAN formalism is truly
structured, since it allows the user to specify an overall model as a collection of
interacting submodels. The major attraction of SANs is their memory-efficient

2 The acronym SAN is also used for stochastic activity networks (see above), but in
this paper it stands for stochastic automata networks.



