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Preface

This volume contains the proceedings of the 26th International Conference on
Application and Theory of Petri Nets and Other Models of Concurrency
(ICATPN 2005). The Petri net conferences serve to discuss yearly progress in
the field of Petri nets and related models of concurrency, and to foster new ad-
vances in the application and theory of Petri nets. The conferences typically have
100-150 participants, one third from industry and the others from universities
and research institutions, and they always take place in the last week of June.
Successive editions of the conference are coordinated by the Steering Committee,
whose members are listed on the next page, which also supervises several other
activities—see the Petri Nets World at the URL www.daimi.au.dk/PetriNets.

The 2005 conference was organized in Miami by the School of Computer
Science at Florida International University (USA). We would like to express
our deep thanks to the Organizing Committee, chaired by Xudong He, for the
time and effort invested to the benefit of the community in making the event
successful. Several tutorials and workshops were organized within the confer-
ence, covering introductory and advanced aspects related to Petri nets. Detailed
information can be found at the conference URL www.cs.fiu.edu/atpn2005.

We received altogether 71 submissions from authors in 22 countries. Two
submissions were not in the scope of the conference. The Program Commit-
tee selected 23 contributions from the remaining 69 submissions, classified into
three categories: application papers (6 accepted, 25 submitted), theory papers
(14 accepted, 40 submitted), and tool presentations (3 accepted, 4 submitted).
We thank all authors who submitted papers. We would like to express our grati-
tude to the members of the Program Committee and the other reviewers for the
extensive, careful evaluation efforts they performed before the Program Com-
mittee meeting in Rennes; their names are listed on the next two pages. We also
gratefully acknowledge Martin Karusseit, of the University of Dortmund, for
his technical support with the Online Conference Service, which relieved many
administrative tasks in the management of the review process.

This volume contains the papers that were presented at the conference after
selection by the Program Committee, plus a few other papers that summarize
invited lectures given at the conference. The invited papers included in this vol-
ume reflect the lectures given by Giuliana Franceschinis, Ken McMillan, Manuel
Silva, and Jeannette Wing. Two more lectures were delivered at the conference:
New Dimensions for Nets by Carl Adam Petri, and Processes for a Service
Oriented World by Francisco Curbera. We are much indebted to Springer for
smoothing all difficulties in the preparation of this volume.

April 2005 Gianfranco Ciardo and Philippe Darondeau
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Expressiveness and Efficient Analysis of
Stochastic Well-Formed Nets

Giuliana Franceschinis

Dip.Informatica, Univ. del Piemonte Orientale, Alessandria, Italy
giuliana@mfn.unipmn.it

Abstract. This paper is a survey of the Stochastic Well-formed Net
(SWN) formalism evolution, in particular it discusses the expressiveness
of the formalism in terms of ease of use from the modeler point of view,
and briefly presents the main results that can be found in the literature
about efficient (state space based) analysis of SWN models. Software
tools supporting SWN design and analysis are also mentioned in the
paper. The goal of the paper is not to present in details the formalism
nor the analysis algorithms, but rather to recall the achieved results and
to highlight open problems and possible directions for new developments
in this research area.

1 Introduction

Well-formed Nets (SWN) and their stochastic extension (SWN) were first pre-
sented at the beginning of '90s [15,16], as an evolution of (Stochastic) Regular
Nets [34,29]. SWN belong to the class of High Level Petri Nets (HLPN), and
includes (stochastic) timed transitions as well as immediate transitions, with a
semantics inherited from Generalized Stochastic Petri Nets (GSPN) [1]. A pe-
culiar feature of the SWN formalism is the ability to capture in its structured
color syntax the behavioral symmetries of the model which can be automatically
exploited for building a smaller state space, where markings are aggregated ac-
cording to an equivalence relation that preserves the interesting model properties
(both qualitative and quantitative).

This paper is a survey of the SWN formalism evolution, in particular it
discusses the expressiveness of the formalism in terms of ease of use from the
modeler point of view, proposing some useful extensions, and briefly presents
the main results that can be found in the literature about efficient (state space
based) analysis of SWN models. Software tools supporting SWN design and anal-
ysis are also mentioned in the paper. The ideas presented in this paper and the
cited bibliography mainly refer to the work developed in this field by researchers
at the University of Piemonte Orientale (Dip. di Informatica), Alessandria, and
at the University of Torino (Dip. di Informatica), Torino in Italy, at the Univer-
sity of Paris VI (LIP6), the University of Paris Dauphine (LAMSADE) and at
the University of Reims Champagne-Ardenne in France: these research groups
are actively cooperating in developing both new theoretical results, application
examples and software tools for SWN.

G. Ciardo and P. Darondeau (Eds.): ICATPN 2005, LNCS 3536, pp. 1-14, 2005.
© Springer-Verlag Berlin Heidelberg 2005



2 G. Franceschinis

The paper is organized as follows: Sections 2 and 3 contain the discussion of
the SWN expressiveness, in particular the first section considers possible exten-
sions to the original syntax that could ease the process of building SWN models,
without sacrificing the efficiency in the SWN model analysis, while the second
section discusses the issue of compositional SWN model construction methods.
Sections 4.1 and 4.2 surveys both consolidated and more recent methods for
efficient (state space based) analysis of SWN models. Section 5 presents some
existing tools that support design and analysis of SWN models. Section 6 outlines
some promising directions for future development.

2 On the SWN Formalism Syntax and Possible
Extensions

The Stochastic Well-formed Net (SWN) formalism has been introduced in 1990
[15] as an extension of the Regular Net (RN) formalism: it is a high level Petri
net formalism similar to Coloured Petri Nets (CPN) [41,42], but featuring a
constrained colour stucture syntax which allows to automatically discover and
exploit the behavioural symmetries of the model for efficient state space based
analysis. The Symbolic Marking and Symbolic Firing concepts defined for SWNs
lead to a Symbolic Reachability Graph construction algorithm [17] whose size
can be orders of magnitude smaller than the complete RG (examples have been
presented in [16,2,18]).

The constrained color syntax of SWN is based on the definition of a finite set
of basic types, called basic colour classes, and a limited set of basic functions and
basic predicates defined on such classes: the places and transition colour domains,
and the arc functions are then constructed upon these basic objects. In fact the
colours associated with places and transitions are tuples of typed elements, where
the element types are the basic colour classes, and the arc functions are (sums
of) tuples whose elements are basic functions defined on basic colour classes.
Basic predicates can be used to restrict the possible colours of a transition or to
obtain arc functions whose structure may change when applied to different color
instances of a given transition.

Basic color classes are finite sets of colors, can be ordered (circular order de-
fined through a successor function) and can be partitioned into static subclasses
(the partition into static subclasses is called the static partition of a basic color
class). Intuitively, colors in a basic color class are homogeneous objects (pro-
cessors, processes, resources, message types, hosts in a network, etc.) and each
static subclass groups objects of the same nature with similar behaviour (so if
all objects in a class behave in the same way, the static partition will contain a
unique static subclass).

The definition of basic color classes static partition is a delicate step in the model
definition, because this is the part of the model specification that defines the possi-
ble symmetries that can be exploited by the SRG. If the modeler fails to define the
coarsest partition allowing to correctly express thesystem behaviour, thestatespace
aggregation automatically achieved by the SRG algorithm might be less effective.



Expressiveness and Efficient Analysis of Stochastic Well-Formed Nets 3

Observe that the static partition may need refinement if the model is built
in a compositional way: in fact the static partition of a given class defined for
one submodel might not be the same needed in another submodel, and when the
submodels are composed a new static partition taking into account those of the
two component submodels must be defined.

The above considerations suggest that the modeler should be supported in
the color structure definition phase by some automatic tool able to check the
model color inscriptions (initial marking, arc functions, transition guards) and
decide whether the static partition definition is adequate, and propose a change
if need be. A work in this direction is that presented in [49,48], where the
proposal is to impose less constraints on the syntax, and let the modeler directly
refer to (subsets of) color elements within basic color classes when specifying the
model: an algorithm is provided that is able to automatically derive the optimal
static partition based on the analysis of the model color structure. In the same
work some new useful extensions to the formalism are also proposed (e.g. the
possibility of considering an ordering among elements in a class, not the circular
one allowed in SWN, and as a consequence the introduction of new comparison
operators in basic predicates: this is actually only syntactic sugar because it
can be expressed using static subclasses, but it is often very convenient for the
modeler).

Up to now the ”stochastic” part of the formalism has not been mentioned:
in SWN transitions can either be timed or immediate (fire in zero time after
enabling), the timing semantics of SWN reflects that of Generalized Stochastic
Petri Nets (GSPN), and in fact the net obtained by unfolding a SWN is a GSPN.
The complete specification of a GSPN model includes the definition of average
firing times of timed transitions, and the priority and weights of immediate tran-
sitions: the latter task is needed to give a deterministic or probabilistic criteria
for immediate transition conflict resolution (required to construct the underlying
stochastic process, or to simulate the model behavior in time, for performance
evaluation purposes). This task requires a clear knowledge of the potential (di-
rect and indirect) conflicts between immediate transitions: in [47] a technique
is proposed that can support a modeler in this complex task. The transition
times, priority and probability definition in SWN must take into account the
color structure of the model, and may influence the color classes static partition
(in fact different instances of a given transition may have different average firing
times or different priority/weight). Moreover the priority and weight definition
method proposed in [47] can be directly applied only at the level of the net
unfolding: to overcome this problem a way of expressing in a parametric and
symbolic way the potential conflict relations between different instances of SWN
(immediate) transitions is required, together with a symbolic calculus allowing
to compute such symbolic expressions using the net color structure information.
In [22,11,12] a syntax for expressing such structural conflict relations, and a
calculus for their computation has been proposed: the chosen syntax is very
similar to the SWN arc function syntax, and hence it should not be difficult
for the modeler to interpret them: the extension to SWN of the priority /weight
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definition method developed for GSPN exploiting the above mentioned symbolic
expressions is still under development.

3 Composing SWN Models

When modeling complex systems, possibly designing several models of a given
system, a compositional model construction method is more convenient than a
flat and monolithic modeling approach. In the CPN formalism [41] this idea has
led to the definition of hierarchical CPNs, with the possibility of defining sub-
models (pages) with well defined interface nodes (ports), of including substitution
transitions in a model, that are an abstraction for a submodel and are connected
to socket nodes (to be related with port nodes in the submodel represented by
the transition), and of using fusion places, which are a mechanism to merge
places within or across submodels. In the Stochastic Activity Network (SAN)
formalism [44], replicate and join constructs can be used to create instances of
submodels (possibly several replicas of the same submodel) and compose them
by merging common places. Other approaches to high level Petri nets compo-
sition have been defined, for example the Box Calculus[8] or the Cooperative
Nets[45,46], or the compositional WNs (¢WN)[43]. In the context of SWN, the
compositionality issue has emerged as a natural consequence of the application
of the formalism and related tools to non toy case studies: the problem has been
tackled both from a pragmatic point of view and from a theoretical point of
view. Composition operators working by superposition of nodes with matching
labels have been defined first for GSPNs [27] and then extended to SWNs: a
composition tool, called algebra[7] has been implemented and integrated into
the GreatSPN software package to support such operators.

A relevant aspect to be considered when composing colored submodels is the
treatment of the color structure: one possibility that highly simplifies composi-
tion is to assume that the submodels to be composed have already a ” compatible”
color structure (same definition of common color classes), that the identifiers of
the color elements coming from the component submodels that are intended to
represent the same object match, while identifiers that represent local and inde-
pendent objects in the two submodels are disjoint. In algebra, compatible color
definition is assumed, shared identifiers are preceded by a special symbol, and
must match in the submodels to be composed, while non shared identifiers are
automatically renamed in case of a clash. This pragmatic approach however is
not flexible enough: in [4] a more parametric method has been proposed, where
the submodels to be composed may have parametric color classes, which can
be instantiated when a parametric submodel is instantiated and composed with
another submodel; the original idea proposed in [4] is that color definitions can
flow from one submodel to another one, by means of color import/export speci-
fication: colors exported by one model can be imported by another model when
they are composed.

Trying to generalize the idea of parametric submodels, to allow the flexible
definition of submodel interface and composition operators, in the OsMoSys
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framework [52] the concept of model class has been defined. Model classes are
parametric models represented using a given formalism: they have a precise
interface, and they can be instantiated and connected to elements of a larger
model to build a complete (solvable) model or a more complex model class.
When a model class becomes a part of a larger model class, each parameter can
either be istantiated or become a parameter of the new model class, and each
interface can either be hidden or become an interface of the new model class
(possibly with different name).

Another important issue when defining model composition, is the definition
of composition operators: on one hand a minimal set of composition operators
allowing to express all interesting composition schema should be defined, on the
other hand if the ”final user” is not an expert in the use of formal languages
but rather an expert in a given application domain which wants to easily build
models of different scenarios by composing submodels taken from a library, a
rich and application oriented set of composition operators might be desirable. In
OsMoSys, composition operators can be part of the formalism used to express the
model classes to be composed, or can be an extended version of that formalism,
or can be a completely new formalism, defined for the purpose of composition
(this is easily realizable in OsMoSys because it is a multi-formalism framework
featuring a meta-formalism, that is a language for defining formalisms supporting
inheritance between formalisms). In [31] and [30] two examples of application
oriented SWN composition formalism defined within the OsMoSys framework
are presented.

Last but not least, (de)composition of models can be used for analysis effi-
ciency purposes (specifically, in case of SWNs decomposition can be combined
with state space aggregation in a very effective way, see [37, 38, 23], this aspect
shall be further discussed in Sec. 4.2): also in this case a flexible language for
describing the (de)composition structure of a model to be used for analysis pur-
poses is needed, the OsMoSys framework can be applied also to this case.

4 Efficient Analysis

In this section analysis methods for SWNs are discussed; we focus on state space
based analysis methods for both qualitative and quantitative evaluation. In Sub-
section 4.1 the Symbolic Reachability Graph (SRG), automatically exploiting
SWN models behavioral symmetries, and the Extended Symbolic Reachability
Graph (ESRG), able to deal with partially symmetric systems, are presented: the
aggregate state spaces generated by these algorithms can be used both for qual-
itative properties analysis, through model checking, and for quantitative prop-
erties analysis, by generating and solving a [umped Continuous Time Markov
Chain (CTMC). Some recent results on the possibility of using very efficient
data structures (Data Decision Diagrams [21] and Set Decision Diagrams [50])
for storing the Symbolic Markings and the SRG to increase the state space
size that can be generated for model checking purposes are also mentioned in
this subsection. In Subsection 4.2 algorithms combining SRG aggregation meth-
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ods and decomposition methods (based on tensor algebra representation of the
CTMC) are presented: the combination of these two methods allow to increase
the size of models that can be solved for performance evaluation purposes.

4.1 SRG, ESRG, and Further Evolution of ESRG for Model
Checking and Performance Analysis

The main motivation for introducing the SWN formalism has been the possi-
bility of automatically exploiting behavioral symmetries to build an aggregate
state space, which can be orders of magnitude smaller than the complete state
space (the maximum achievable reduction is the product of the factorial of all
static subclasses cardinalities for non ordered classes, multiplied by the product
of the cardinalities of ordered classes with only one static subclass): this reduc-
tion is achieved automatically through the definition of the Symbolic Marking
and Symbolic Firing concepts. Each Symbolic Marking represents in a compact
way an equivalence class of ordinary markings. Symbolic transition instances can
be checkled for enabling directly on the Symbolic Marking representation and a
Symbolic Firing Rule can be used to compute the new reached Symbolic Mark-
ing without ever explicitly representing the underlying ordinary markings and
transition firings. A canonical representation is defined for Symbolic Markings,
so that it is easy to check whether a reached Symbolic Marking corresponds to
an already reached equivalent class. Hence a Symbolic Reachability graph gener-
ation algorithm can be defined [16,17] and the analysis can be performed on this
graph instead of the complete RG. When the model has to be used for perfor-
mance evaluation purposes, a stochastic process must be derived and analysed:
in the case of SWN the underlying stochastic process is a CTMC isomorphic to
the RG. It has been proven that, due to the constraints imposed by the formal-
ism on the color dependence of transition firing times and weights, the CTMC
of a SWN satisfies both the strong and exact lumpability conditions[9] with re-
spect to the aggregation induced by the SRG, so that performance analysis can
be performed on a CTMC which is isomorphic to the SRG, and its transition
rates can be directly computed from the Symbolic Marking and Symbolic Firing
information without need to ever expanding the complete RG.

It is also interesting to observe that the Symbolic Marking and Symbolic
Firing can be successfully exploited also in discrete event stochastic simulation
of SWN [32]: the gain in this case is due to the event list management, in fact the
event list contains the set of enabled transition instances in the current state,
and since one symbolic transition instance may group several ordinary transition
instances, fewer enabling tests are required at each state change, furthermore the
resulting ”symbolic” event list can be much smaller than the ordinary one thus
saving both time and space.

Unfortunately the effectiveness of the SRG method vanishes if the behaviour
of a model is not completely symmetric: as already discussed in Sec. 2 this is
related to the number and cardinality of static subclasses within each basic color
class. In the worst case where all non ordered basic color classes are partitioned
in cardinality one static subclasses and all ordered basic color classes are par-
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titioned into two or more static subclasses, the SRG coincides with the RG.
Often however, it happens that the asymmetries in the model behavior involve
only a small part of the state space, but they influence the level of aggrega-
tion of the whole RG. This consideration led to the evolution of the SRG called
Extended SRG (ESRG) [36]: it exploits symmetries in a more flexible way, and
takes into account the partition into static subclasses only when actually needed.
The ESRG structure uses a two level representation of the aggregate states: the
Extended Symbolic Markings in fact have a Symbolic Representation (SR) (first
level) that groups all the states that would be equivalent if all color classes had
only one static subclass, and a set of Eventualities (Ev) (second level) that are
the SRG Symbolic Markings included in the ESM SR. The gain that can be
obtained from the ESRG is due to the fact that eventualities are explicitly rep-
resented only when actually needed, that is only when asymmetries actually
arise in the behavior (typically because some transition which depend on the
static subclasses partition is enabled). Hence the effectiveness of ESRG aggrega-
tion depends on how often asymmetries influence the system evolution. A weak
point of the ESRG, with respect to the SRG, is that not all properties can be
checked on the ESRG, and in some case eventualities that were not created by
the ESRG algorithm, need to be generated in a second phase when properties
are checked on the ESRG or when a lumped CTMC has to be generated for
quantitative evaluation [13,14, 5]. In particular when a CTMC has to be gener-
ated from the ESRG, the lumpability condition must be checked (while in the
SRG it is ensured by construction) on some markings: depending on the type of
performance index to be computed, one can choose whether to check for strong
or exact lumpability, achieving different degrees of aggregation. The lumpability
check algorithms working on the ESRG [14, 5] are in general more efficient than
those that may be applied directly on the SRG (without a clue on the possible
additional aggregations not captured by the SRG).

A further evolution of the ESRG consists in allowing a partial refinement of
a SR into its eventualities, which in some sense means adding a third level in the
ESM representation laying between SR and Ev: in fact subsets of eventualities
could remain aggregated, and this may happen when in a given state only the
static partition of a few classes is involved, while those of the other classes do
not influence the local behavior of the system (see [10,35,3,39]). The E2SRG
first introduced in [10] and applied in [6] is an example of such three level repre-
sentation of a ESM: it has not yet been implemented, and still needs some work

to be completely worked out. This is one possible direction of further evolution
of these SRG-ESRG methods.

Combining two types of symmetries: SRG and Decision Diagrams The type of
symmetries exploited by the SRG are based on a notion of equivalence of similar
markings, however another type of symmetry can be exploited based on the de-
composition of the state into sub-states and factorisation of substates: this type
of symmetry in the states structure can be efficiently captured and exploited by
using specific data structures, the Decision Diagrams. The SRG technique and
DD based techniques however are not easily combined because of the mutual
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dependence of sub-states in Symbolic Markings: this dependence is due to pres-
ence of Dynamic Subclasses in its representation, whose definition and evolution
depend on the whole state (so that the representation of a given sub-marking
after a symbolic firing may change even if the fired transition had no connec-
tions with such sub-marking). Recently the problem has been faced by means of
a new type of Decision Diagram called Data Decision Diagrams (DDD) and Set
Decision Diagrams (SDD)[21,48,50]) that have shown to be very effective for
storing the states of huge SRG. Up to now these new techniques have been ex-
ploited only in the context of model checking algorithms: it would be interesting
to investigate the possibility of maintaining the same efficiency in the CTMC
generation phase.

4.2 De-composing SWN Models

In this section the analysis methods proposed in [37, 38, 23| are briefly summa-
rized: the main idea behind these methods consists of combining two orthogo-
nal techniques for coping with the state space explosion problem that often arises
when the CTMC of a complex SWN model is generated for performance analy-
sis. The first technique is state aggregation, which in the context of SWN can be
obtained using the SRG generation algorithm, the second technique is decompo-
sition of a model into submodels and representation of the CTMC infinitesimal
generator (the matrix of state transition rates) as an expression of much smaller
generators, obtained from each submodel in isolation and combined through ten-
sor algebra (Kronecker) operators (see [25, 24] for the application of this technique
to GSPN models). In the latter technique, the CTMC is solved using its decom-
posed representation, so that the space required to generate and solve the CTMC is
considerably smaller than that required to store the complete CTMC explicitely.
Two way of (de)composing a SWN model are considered: synchronous and
asynchronous. In both cases the component submodels need to be extended in
order to compute from each of them in isolation a local SRG. The method is not
completely general: in fact it can be applied to a decomposed SWN model only
if some constraints are satisfied: the constraints are needed to ensure that the
lumped CTMC resulting from Kronecker composition of local lumped CTMCs is
equivalent to the lumped CTMC corresponding to the SRG of the whole model.
The subclass of SWN models that satisfy the constraints may appear as rather
restricted, but it is representative of a relevant class of models from interesting
application domains. In [37,38] both semantic conditions (defined on the state
space) and syntactic (sufficient) conditions (defined on the net structure and its
decomposition) are defined to ensure that the method can be applied.

These composition/decomposition methods have been implemented (see Sec. 5)
and partially integrated in GreatSPN: the most difficult part for the application
of the method is that currently no automatic support is provided to decompose
the model, build the extended subnets, and check that the syntactic conditions
for the applicability of the method are satisfied. Some theoretical results about
structural analysis of SWNs are available, but more work is needed to adapt
them to this specific problem, and to develop an automatized (or at least semi-
automatized) procedure for the application of these methods.



