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Abstract

This progress report outlines the work conducted on part A ofmy PhD study at the Department of Computer Science, University
of Aarhus.

During Part A of my PhD study, I have conducted work in three areas related to modeling of computer systems. Firstly, I have
participated in the design and implementation of a state-space tool, which is intended to be easy to extend. As a part of this, I have
participated in developing and testing a concrete way to do state-space analysis.

Secondly, I have designed and implemented TIN-CPN, a tool tosupport animation of Coloured Petri net models, and I have
participated in a concrete project using TIN-CPN to create amodel-based prototype of a networking protocol.

The third area I have worked on is within the standardizationof an exchange format for Petri nets, where I have participated in
a number of discussions at standardization meetings, and made a concrete proposal for an exchange format.

The report provides directions for future work during part Bof the PhD study.
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Chapter 1

Introduction

One major problem programmers face when writing software, is how to deal with concurrency. Sequential parts
of a program are in principle fairly easy to get right using methods such as testing [2], hoare-logic [36] and even
automatic or semi-automatic proofs of correctness [30, 76]. Concurrent systems, however, present a large number of
new problems, since the number of possible interleavings ofparts of the program make manual testing infeasible, in
part because of the amount of interleavings and in part because scenarios may be difficult to reproduce. In order to
overcome these problems, one may not test the system itself,but a formal model of the system.

During part A of my PhD study, I have conducted work in three areas related to modeling of computer systems.
First, a brief overview of the work conducted in each of the three areas is provided.

Towards a New State-space Tool. The idea of the state-space method is to generate a graph withsystem state as
nodes and transitions from one state to another as edges. This graph can be used for analysis. The problem of this
method is the state-explosion problem, i.e. that the graph may be very large or even infinite. The problem with many
previous tools that support state-space analysis is that they are not written in a modular way. During my PhD study,
I have participated in the design and implementation of a newtool to support state-space analysis. The new tool that
has been designed and in part implemented defines three interfaces for different parts of a state-space tool, making
experimentation with new methods to alleviate the state-explosion problem easier.

I have participated in the development of a particular reduction technique, where the idea is to exploit progress of
modeled systems to create a near-optimal representation ofthe graph. This work has been published at TACAS 2004
as [66].

Model-based Prototyping and Animation. Communicating formal models to software developers and industrial
partners is often difficult. Therefore a graphical representation that is easier to understand is often created. I have
designed and implemented a tool, TIN-CPN [94] to support this. TIN-CPN is based on a simple plug-in architecture
making it easy to extend. TIN-CPN has been used in an industrial case with Ericsson Danmark A/S, Telebit, where we
developed a model-based prototype of a network protocol. The result has been shown to project leaders and partners
from the Danish, Swedish and English military, all of which had little or no knowledge of formal models. This work
has been submitted to IFM 2005 in [60].

Towards an Exchange Format for Coloured Petri Nets. The exchange of models between different tools has
several advantages, for example one can make a repository ofstandard benchmark models or one can design tools that
only focus on construction of models and leave verification to other toold. The exchange is made difficult, as different
tools use different languages to describe otherwise equal concepts, e.g. declaration of variables. Also, Coloured Petri
nets support various composition mechanisms, but different tools may not support the same composition mechanisms.

I have made a concrete proposal for an exchange format for Coloured Petri nets. The format uses a mixture
of abstract and concrete syntax in order to allow exchange between different tools while still being easy to extend
and usable in practice. The proposal also provides translations of various translations from common composition
mechanisms to a simple module concept described in [54]. My proposal has been published at a workshop on exchange
formats for Petri nets in [95].

The rest of this report is structured as follows: In Chap. 2, we briefly describe the parts of the concrete modeling
language, Coloured Petri nets (CP-nets or CPN) needed to understand the rest of the report. This chapter is provided
for background information and to introduce an example, that will be used throughout the report. In Chap. 3, we
describe a particular approach to analysis of models, namely the state-space method. We describe the design of a
tool to support this kind of analysis and how this design has been implemented and used to test a method to overcome
some of the problems with the state-space method. We describe a new, very memory-efficient way to represent a state-
space. In Chap. 4, we describe a tool that supports development of model-based software prototypes and animations,

1



and describe how this was used in an industrial case-study tobuild a prototype of a network protocol. In Chap. 5, we
briefly sum up the problems of exchanging Petri nets, and present parts of our concrete proposal. Finally, in Chap. 6,
we draw our conclusions and sum up the intended future direction of work. No special knowledge is required to read
this report, but some knwoledge of simple formalisms such aslabeled transition systems is an advantage.



Chapter 2

A Formal Modeling Language: Coloured Petri Nets

In this chapter, we will briefly introduce the modeling formalism of Coloured Petri nets (CP-nets or CPN) [48–50,57].
This chapter is provided mainly to introduce the formalism,fusion places, synchronous channels and an example that
we shall use throughout the report.

2.1 Generalizing Labeled Transition Systems

We will introduce the concept of CP-nets by starting from thewell-known formalism of labeled transition systems,
which are deterministic finite automata with no accept or reject states. In their original form, Petri nets [74] can
be viewed as a generalization of labeled transition systems(LTS). An LTS is basically a number of states, usually
depicted as circles, optionally with a name, and a number of possible transitions between the states, usually depicted
as labeled edges between the circles. The system can be in exactly one state at a time. We will depict this by adding
a black dot, a token, to the current state. A simple example ofan LTS can be seen in Fig. 2.1. This simply models a
runner in a race. First, the runnerStarts a race. He can thenrun to aDrinkStand, where he candrink as much water
as he desires, and then run to theGoal.

2.1.1 Place-Transition Petri Nets

The example in Fig. 2.1 has some shortcomings and we shall tryto solve these. Firstly, the model allow the runner to
to drink an arbitrary amount of water. We would like to model that there is only be a finite number of glasses available.
Second, the model only allows one runner in the race, and we would like to allow more runners to enter the race. It is
possible to model this using LTS, but place-transition Petri nets (PT-net) [24] allow us to do this in an easier way.

The first generalization we will make is that we make it possible to be in more than one state at a time, for example
to make a clearer model of the fact that one runner is at theDrinkStand whereas another runner is at theStart of the
race. We will draw this by allowing a token in any number of states. When it is possible to be in more than one state
at a time, it also makes sense to be in a given state more than once, e.g. both runners can be at theDrinkStand at the
same time. We do this by allowing more than one token or by justwriting the number of tokens present in a state. We
call the n umber of tokens on a place the marking of the place.

It is then natural to allow the modeler to require more than one token from a place at a time for a transition to
occur. For example a runner must be at theDrinkStand and a drink must be available for a runner to drink. We do
this by changing transitions from normal directed edges to directed hyper-edges [67], i.e. edges that can go between
more than two nodes. We thus have a set of source states and destination states rather than just one of each. We also
rename states to places. To make drawings easier to read, we will usually draw a line or rectangle for each transitions
and draw edges from each source place to the rectangle and draw edges from the rectangle to each of the destination
places. We shall then refer to the rectangle or line as the transition, and the edges between the transition and places
as arcs. We also allow transitions to require or produce morethan one token. This is done by writing the number

Start

run run

Goal

drink

DrinkStand

Figure 2.1: A simple Labeled Transition System modeling a runner at a race.
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of tokens required from each source place next to the arc fromthe place to transition. We call this number the arc
annotation. We do the same for destination places. An improved model of the race example is seen in Fig. 2.2. We
have introduced exactly the two improvements mentioned: wenow allow two runners in the race, and we have limited
the number of available drinks to two.

The intuitive semantics is that we require that each source place has the required number of tokens, and when a
transition occurs the specified number of tokens is removed from the source places and the specified number of tokens
are added on the destination places. We then obtain PT-nets.

2.2 Coloured Petri nets

The version of the runner example in Fig. 2.2 also has two problems. Firstly, event though we have introduced two
runners, we are not able to see who wins the race, as the two runners are identical. Secondly, one runner is able to
drink both glasses of water, leaving the other runner thirsty.

We want both runners to behave the same, yet we still want to distinguish them. This can be modeled using PT-
nets, but it will require that we model each process separately, as they may treat different data. Coloured Petri nets
solve this problem by distinguishing tokens; intuitively giving them different colors, meaning that rather than allowing
a number of black tokens, we allow a multi-set of colored tokens. We must accordingly extend the arc annotation, so
we can specify the color of the tokens we wish to consume and produce.

In order to distinguish the runners, but still allow the modeler to specify their behavior uniformly we allow vari-
ables on arcs. Variables do not behave like variables in procedural or object-oriented languages, but more like formal
parameters to a function in a functional programming language, meaning that variables are local to a single transition,
so the value of a variable is forgotten after a transition hasoccurred. Also, it is not possible to change the value of a
variable during transition execution.

An example of a CP-net can be seen in Fig. 2.3. This is a modification of the PT-net in Fig. 2.2. We have changed
the runners, so they are no longer identical, but namedr(1) andr(2). Also, we have introduced a flag, which is up at
the start of the race, and taken down when the first runner passes the finish line. This is used to keep track of the first
runner to cross the finish line.

As we can now distinguish runners, it makes sense to introduce runner-specific information. We allow arbitrary
types of information to be used as tokens. For example, the glasses with the drinks have two pieces of information
associated with them, namely the name of the runner who is able to drink it, and information whether the glass
is full or empty. We declare types of places, i.e. what kinds of tokens the place can contain, using an annotation
near the place. The declarations of the typesRUNNER = {r(1), r(2)}, GLASS = RUNNER × {full, empty},
andFLAG = {up, down} and the variablex : RUNNER are not shown in Fig. 2.3 to keep the figure simple. We
will furthermore allow arbitrary functions as arc annotations to manipulate the data contained in the tokens. In the
example, the arc from thedrink transition to theDrinks place will empty the glass.

It is no longer enough to talk about a transition occurring, as a transition’s effects depend on which runner we are
treating. Rather we introduce the concept of a binding element, which is a transition and an assignment of values to
each of its variables. In order to test whether a binding element is enabled, we replace all variables with their assigned
value and evaluate the expressions on the arcs. When we in this manner evaluate the variables, the arc annotation will
evaluate to a multi-set of typed tokens. In the same way as with PT-nets, we say that a binding element is enabled and
can occur if there are “enough” tokens of each kind on all source places. Occurrence will simply lead to a marking
where the specified number of tokens of each kind are removed from the source place and new tokens are produced
on the destination places.

Start Goal
run

DrinkStand
run

drink

Drinks

0 0

2

1 1 1 1

1 1

1

2

Figure 2.2: A place-transition Petri net. This is an extended version of the system in Fig. 2.1, as we have limited the
total number ofDrinks to two, and we have introduced an extra runner.
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Figure 2.3: A Coloured Petri net. We have changed the runners, so they are no longer identical, and a runner can only
take a glass with his name on it and empty it. When a runner leaves theDrinkStand, depending on whether he is first
or second, he will eitherwin or lose the race.

2.2.1 Formal Definition of CP-nets

Let us give a formal definition of CP-nets. The definition is similar to the one given in [45, Def. 5.1]. We shall not go
into the details, but just mention that the definitions are equivalent, and we will think of CP-nets as described in the
previous section when modeling and the following definitionwhen making formal statements.

We will assume that the relations<, =, ≤,>, and≥, and operations+ and−, on multi-sets are defined as usual.

Definition 1 (Coloured Petri net) A Coloured Petri netis a tuple,CPN = (Σ, P, T, C, I−, I+,MI), where

• Σ 6= ∅ is a finite set of non-emptytypesof tokens,

• P 6= ∅ is a finite set ofplacessuch thatΣ ∩ P = ∅,

• T 6= ∅ is a finite set oftransitionssuch thatΣ ∩ T = ∅ andP ∩ T = ∅,

• C : P ∪ T → Σ is a type functionassigning a type to each place and transition,

• ∀p ∈ P ∀t ∈ T.I−(p, t), I+(p, t) : C(t) → N
C(p) are the backward and forward incidence functions, assigning

to each arc an arc annotation, and

• ∀p ∈ P.MI(p) ∈ N
C(p) is theinitial marking.

The state of a CP-net is given by amarkingof the places, which is a function over all places,∀p ∈ P.M(p) ∈ N
C(p).

Definition 2 (Binding Element) A binding elementfor a CP-netCPN , is a pair(t, b), where

• t ∈ T is a transition and

• b ∈ C(t) is thebinding.

We call the set of all binding elementsBE = {(t, b) | t ∈ T ∧ b ∈ C(t)}.

Definition 3 A binding element,(t, b) ∈ BE, is enabledin markingM if ∀p ∈ P.M(p) ≥ I−(p, t)(b). A transition is
enabled if there existsb ∈ C(t) such that(t, b) is enabled. If(t, b) is enabled inM , it canoccurand leads to a marking
M ′. This is writtenM [(t, b)〉M ′, whereM ′ is defined by∀p ∈ P.M ′(p) = (M(p) − I−(p, t)(b)) + I+(p, t)(b).

We will use the notationM [σ〉M ′ for σ = (t1, b1)(t2, b2) . . . (tn, bn) to mean∃Mi for i = 1, . . . , n + 1, n ≥ 0,
such thatM = M1, ∀i = 1, . . . , n.Mi [(ti, bi)〉Mi+1, andM ′ = Mn+1. We will also writeM [∗〉M ′ to mean
∃σ.M [σ〉M ′. We say that a markingM ′ is reachablefrom another markingM if M [∗〉M ′ and we let[M〉 =
{M ′ |M [∗〉M ′} denote the set of markings reachable fromM . When we talk about the set ofreachable markingsof
a CP-net, we mean the set of markings reachable from the initial marking, i.e.,[MI〉.

We can furthermore allow a number of extra conveniences, such as transition guard expressions, which can control
in greater detail whether a binding element is enabled, a more modular kind of CP-nets, called Hierarchical Coloured
Petri nets, and a version of CP-nets where tokens can carry a timestamp and transitions occurences can take time,
called Timed Coloured Petri nets. For a description and formal semantics of these concepts, please refer to [48].

We will consider two extensions of Coloured Petri nets, namely fusion places [48, Chap. 3] and synchronous
channels [16], because we shall need them to discuss interfaces to an animation tool (Chap. 4) and to give an example



of representations of composition mechanisms in an exchange format for Petri nets (Chap. 5). These extensions
basically allow us to draw “shadows” of places and transitions in multiple locations, in part to improve the readability
of models, but more importantly to allow different modules to communicate with each other. The formal semantics of
these two extensions shall not be given here. We will only note that the formal semantics of the two extensions can be
defined by a translation to CP-nets as defined in Def. 1, so formally, we do not need to treat the extensions seperately.

2.2.2 Fusion Places

Suppose we have a large CPN model. It may be difficult to draw the arcs such that the flow of the model is evident.
In order to overcome this problem, the model can be split it into smaller modules, which can communicate using
fusion places. Fusion places are basically multiple placessharing the same tokens. We can think of fusion places as
an asynchronous (unordered) communication channel. Whenever a token is added to one place in the fusion set, it is
added (sent) to all the others in the same fusion set, and whenever a token is removed from one place, it is removed
from all places in the fusion set. For this reason the places also share the initial token distribution, and must have the
same type. We can obtain the model in Fig. 2.4 from the examplein Fig. 2.3. We basically make a module containing
the exact implementation of what happens when a runner wantsto drink water at theDrinkStand. The model is
functionally equivalent to the model in Fig. 2.3. The only change is that we now have two places calledDrinkStand.
Both of these places are members of the fusion setFusion 1, as indicated by the small box with the text “Fusion 1”.
Whenever the token representing a runner appears in the right-mostDrinkStand place, the same token also appears
on the left-mostDrinkStand place.

We can remove a fusion set from our model and preserve the behaviour of the model by just creating a new place
with the correct type and initial tokens. We then move all arcs attached to a member of the fusion set to the new place,
keeping the direction and arc annotation. We then remove allmembers of the fusion set, and have thus removed the
fusion set. A more formal description of this procedure can be found in [48, Chap. 3]. This procedure applied for the
example in Fig. 2.4 would lead to the model in Fig. 2.3.
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Figure 2.4: A CP-net with fusion places. We thus modularizedwhat happens when a runner drinks water at the
DrinkStand, but the model is functionally equivalent to the model in Fig. 2.3.

2.2.3 Synchronous Channels

Sometimes we also want to have multiple representations of the same transition in multiple locations. To do this, we
introduce the concept of synchronous channels.

Synchronous channels are well-known from, for example, theπ-calculus [70], where one process can send data,
synchronously to another process. This is very similar to invoking a method or procedure in a normal programming
language. The caller “sends” some data (the parameters) to the receiver (the method/procedure), which can then refer
to the received data using its own local name (the formal parameters). Only when the receiver has received the data
(the procedure or method returns), can the sender proceed with its own calculations.

In CP-nets, synchronous channels are realized much like place fusion sets, i.e. we have multiple representations
of one real transition. We split the transitions participating in a channel into senders and receivers. Each time a
sender transition occurs, a receiver transition for the same channel must also occur. In the example in Fig. 2.5, we
have one channelch, with two participants, the two transitions nameddrink. To the left of the transitions, we see
the channel inscription, with a channel name (ch) followed by either.? for a receiver transition or.! for a sender
transition. After that is a channel expression, which we canthink of as the data being transferred from the sender to
the receiver. Informally, the semantics of channels is thatfor each sender-receiver pair, we create a new transition
containing all arcs from the sender and receiver. We furthermore create a condition that the channel expressions of



the two transitions evaluate to the same. The details of the construction is provided in [16], where also a more general
bi-directional channel is considered.
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Figure 2.5: A CP-net using synchronous channels. This modelis also functionally equivalent to the model in Fig.
2.3. The change is that we have made two copies of thedrink transition. The two transitions can only occur if they
are both enabled and thex on both transition is bound to the same value. Thus, we have modularized what exactly
happens when a runner wants todrink water.



Chapter 3

Towards a New State-space Tool

In Chapter 2.3 we saw how to obtain Coloured Petri nets by adding features to labeled transition systems. Coloured
Petri nets clearly have enhanced modeling convenience, as can be seen from even the simple example in Fig. 2.3.
It is well-known that many properties of labeled transitionsystems are easily decidable. Such properties include
reachability of a state satisfying a given property or checking properties expressed in Linear Temporal Logic (LTL)
[75, 90] or Computation Tree Logic (CTL) [4]. We would obviously like to be able to use this for the analysis of
Coloured Petri nets.

The idea of the state-space method is that we construct, at least conceptually, a directed graph, where each node
represents a state of the system, and each arc represents an event leading from the source state to the destination state.
For CP-nets, we use the reachable markings of the model as states and binding elements as the events.

The major problem of this method is that the state space can become very large, often even infinite. To alleviate
this problem, various reduction techniques have been introduced, each of which alleviates the state explosion problem
for classes of CP-nets in particular or modeling formalismsin general. In Sect. 3.3 and [66] we describe a particular
reduction technique, which provides a very compact representation of the state space for systems with a notion of
progress. I has participated in developing and testing thismethod.

My contribution to this area consists of several things: Firstly, I have made several contributions to the design
and implementation of a new state-space tool that makes it easy to implement and experiment with new reduction
techniques. As part of this I have implemented a couple of well-known reduction techniques (bit-state hashing [37,
40] and the more general Bloom-filters [9, 27]) and implemented state-space analysis for CCS [68] and Bigraphical
Reactive Systems [51, 69]. I have also implemented a user interface for doing state-space analysis, which makes it
trivial to do simple analysis and easy to do more complex, customized analysis. Finally, I have participated in the
design and test of a particular reduction technique, documented in [66]. Most of the work presented here, is part of
the TIN-CPN state-space tool for CP-nets and Bigraphical Reactive Systems.

3.1 The State space of a CP-net

In this section we will define the state space of a CP-net and give the semantics for a logic we can use to query the
state space. Introducing Kripke structures [55] for the sake of introducing safety properties may seem like overkill,
but this is done in order to be able to easily generalize the results to more interesting modal logics, such as LTL or
CTL.

Definition 4 (Kripke structure) A Kripke structureis a tuple,K = (S,L, δ, AP, ν, SI), where

• S 6= ∅ is a set ofstates,

• L 6= ∅ is a set oflabels,

• δ ⊂ S × L × S is a relation indicatingsuccessor states(if we are in states, we can take ana-step tos′ iff
(s, a, s′) ∈ δ),

• AP is a set ofatomic propositions,

• ν : S → AP → {>,⊥} is a truth assignment assigning for each state a truth value to each atomic proposition,
and

• SI ∈ S is theinitial state.

We say that a Kripke structure isfinite iff its set of states is finite. Otherwise is is infinite.

Definition 5 (State space)Given a CP-net,CPN = (Σ, P, T, C, I−, I+,MI), we define thestate spaceof CPN as
a Kripke structureSS = (S,L, δ, AP, ν, SI), where

8



• S = [MI〉 the states ofSS are all reachable states ofCPN ,

• L = {(t, b) | ∃M,M ′ ∈ [MI〉.M [(t, b)〉M ′} is the set of all binding elements used to move from one reachable
state to another,

• δ = {(M, (t, b),M ′) | ∃M,M ′ ∈ [MI〉, (t, b) ∈ BE.M [(t, b)〉M ′}, successor states are as dictated by the CP-
net,

• AP = {ϕ |ϕ : S → {>,⊥} } are all locally decidable properties,

• ∀s ∈ S ∀ϕ ∈ AP.ν(s)(ϕ) = ϕ(s) evaluates all propositions ofAP , and

• SI = MI the initial state of the CP-net is the initial state of the state space.

The definitions ofS andδ are straightforward and as one would expect. Examples of locally decidable properties are
“the state contains no successors”, “the transitiont is enabled”, or “the placep contains exactly one token with the
value17”.

The reason for defining the state space as a Kripke structure is that several interesting modal logics are naturally
defined in terms of Kripke structures, and we then get severaldefinitions and results for free. As an example, let us
give a semantics for safety properties that is local properties intended to hold in all reachable states. We may think of
a safety property as an inveriant. First we give the usual definition of propositional logic:

Definition 6 (Propositional Logic) LetAP = {p, q, r, . . . } be a set ofatomic properties. Define

ϕ ::= p | ¬ϕ |ϕ→ ψ

and call the set of all such formulaePL.

We shall of course allow the usual abbreviations,

• ϕ ∨ ψ ≡ ¬ϕ→ ψ,
• ϕ ∧ ψ ≡ ¬ (¬ϕ ∨ ¬ψ), and
• ϕ↔ ψ ≡ (ϕ→ ψ) ∧ (ψ → ϕ).

Now let us define the standard model for propositional formulae.

Definition 7 Given a functionν : AP → {>,⊥}, we then define atruth assignmentfor all formulae ofPL, ν̄ :
PL→ {>,⊥}

ν̄(p) : = ν(p)

ν̄(¬ϕ) : =

{

⊥ if ν̄(ϕ) = >

> if ν̄(ϕ) = ⊥

ν̄(ϕ→ ψ) : =

{

⊥ if ν̄(ϕ) = > and ν̄(ψ) = ⊥

> otherwise

If ν̄(ϕ) = > we say thatν is a model of ϕ and write ν |=PL ϕ. We shall say that a Kripke structure,K =
(S,L, δ, AP, ν, SI), is a model of a formulaϕ iff ∀s ∈ S.ν(s) |=PL ϕ and we writeK |=PL ϕ.

In other words, a Kripke structure is a model of a safety property iff the property holds in every state.
Now let us define the problem of checking whether a Kripke structure is a model of a given formula:

Definition 8 (Model-checking Problem) Given a logicL with a semantics,|=L, expressed using Kripke structures,
a formulaϕ ofL, and a Kripke structureK, we define themodel-checking problemMCPL to be

MCPL(K, ϕ) ≡ K |=L ϕ (3.1)

If the logicL is clear from the context, we shall also use the abbreviationsK |= ϕ rather thanK |=L ϕ andMCP
rather thanMCPL. We note that whileK |=PL ϕ means that the propertyϕ must hold in all states ofK, we will
normally use a modal logic, such as LTL or CTL, which express properties regarding the entire state space.

3.2 Constructing the State space

In this section, we will show how to construct the state space, and indicate how this algorithm can be implemented.
We will then extend the construction mechanism to check one of the presented logics, and elaborate on how various
reduction techniques easily can be implemented.



It is well known that if a Kripke structure is finite, the model-checking problem is decidable (and even tractable)
for several expressive logics, e.g.PL from the previous section, and LTL and CTL. It is therefore interesting to be
able to construct the state space of a CP-net.

For the remainder of this chapter, we will assume that we havemade sufficient restrictions on CP-nets such
that we can always calculate all enabled binding elements for a given marking. We can, e.g., do this by requiring
that∀t ∈ T.|C(t)| < ∞ (exhaustive search onC(t) for all t ∈ T ) or requiring that we can calculateI−1

− (calculate
⋂

p∈P I
−1
− (M(p)) and do exhaustive search). We of course assume thatI−(p, t) andI+(p, t) are computable functions

for all p ∈ P and allt ∈ T as well.
If we just want to construct the state space, we can use Algorithm 3.1. It is easy to see that Algorithm 3.1 will

terminate if[MI〉 is finite. We notice that we do not need to store the successor relationδ and the truth assignment
ν as we can, for a given stateM , just calculate all enabled binding elements and all successors ofM , and gain local
knowledge aboutδ or evaluate all formulae ofAP to obtain local knowledge ofν. Thus, in practice, we will rarely
storeδ nor ν, and we can remove lines 3, 14 and 18 from the algorithm. As we do not storeδ, we have little use for
the labels,L, so we can also remove lines 2 and 13, and asν is not stored, we do not need to calculateAP as well,
and remove line 17.

Having removedδ, ν, L, andAP , we observe that Algorithm 3.1 uses two data structures, onefor the setS
and one for the setU , and a single function call, to get all successors of a given state. We will assume three data
structures,Storage, Unprocessed, andFormalism, which support the operations of Figures 3.1, 3.2, and 3.3. The
data structures are written in the style of Standard ML (SML)[86], as we shall use SML as implementation language
for our state-space exploration tool.

The new state-space tool consists of implementations of theStorage, Unprocessed, andFormalism interfaces
along with an implementation of the traversal algorithm, Algorithm 3.2. The interfaces and algorithms presented here
are slight simplifications only showing the gist of the implementations; the real implementations contain more hooks
to e.g. profile the state-space exploration etc.

3.2.1 Different traversal algorithms

Many analysis methods can be implemented more efficiently on-the-fly rather then by first executing Algorithm 3.2
to generate the Kripke structure and then executing a query.For examples we can easily check safety properties
(that nothing bad happens in any state) by simply adding a check for the safety property after line 6 in Algorithm
3.2 to obtain Algorithm 3.3. LTL can be checked on-the-fly using nested depth-first traversal [38] and CTL can be
checked by storing satisfied sub-expressions [19, Sect. 4.1]. If we obey the interfaces ofStorage, Unprocessed, and

Require: Coloured Petri net,CPN = (Σ, P, T, C, I−, I+,MI)
Ensure: State space ofCPN , SS = (S,L, δ, AP, ν, SI)

1: S := {MI}
2: L := ∅
3: δ := ∅
4: U := {MI}
5: while U 6= ∅ do
6: selectM ∈ U
7: U := U \ {M}
8: for all M ′, t, b such thatM [(t, b)〉M ′ do
9: if M ′ /∈ S then

10: S := S ∪ {M ′}
11: U := U ∪ {M ′}
12: end if
13: L := L ∪ {(t, b)}
14: δ := δ ∪ {(M, (t, b),M ′)}
15: end for
16: end while
17: AP := {ϕ |ϕ : S → {>,⊥} }
18: ν(s)(ϕ) := ϕ(s) for all s ∈ S andϕ ∈ AP
19: return (S,L, δ, AP, ν,MI)

Algorithm 3.1: Basic state-space algorithm. The algorithmbasically maintains two sets,U , the set of unprocessed
states, andS, the set of already seen states. Initially we have processedno states and still have to process the initial
state. In the loop we pick an unprocessed state, calculate all successor states and add any state we have not yet seen
to the set of states we have already seen and not yet processed.



1 signature STORAGE = sig
2 type storage
3 type element
4 val empty_storage: storage
5 val insert: element * storage -> storage
6 val contains: element * storage -> bool
7 end

Figure 3.1: Signature for theStorage data structure. It contains two type definitions, one for theactual storage and
one for the elements stored. It contains one constant value,namelyempty_storage, which returns an empty storage,
and two functions,insert andcontains, for inserting an element into a storage and testing whetheran element is
already contained in the storage.

1 signature UNPROCESSED = sig
2 type unprocessed
3 type element
4 val empty_unprocessed: unprocessed
5 val is_empty: unprocessed -> bool
6 val add: element * unprocessed -> unprocessed
7 val pick: unprocessed -> element * unprocessed
8 end

Figure 3.2: Signature for theUnprocessed data structure. Like theStorage it contains type definitions for a storage
for unprocessed nodes,element, and a constant value for the empty unprocessed storage. Thedata structure contains
three functions,is_empty, which checks whether an unprocessed storage is empty,add, which adds an element to an
unprocessed storage, and finallypick, which picks and removes an element from an unprocessed storage and returns
the element and an unprocessed storage without the element.

1 signature FORMALISM = sig
2 type state
3 type event
4 val initital_state: state
5 val get_next: state -> (event * state) list
6 end

Figure 3.3: Signature for theFormalism data structure. It contains two type definitions, one for thestate, and one
for theevents leading from one state to another. For CP-nets the events are binding elements. It contains a constant
value for theinitial_state of the system, and a function,get_next, to get the successors of a given state.

Require: Coloured Petri net,CPN = (Σ, P, T, C, I−, I+,MI)
1: S := storage.insert(formalism.initial_state, storage.empty_storage)
2: U := unprocessed.add(formalism.initial_state, unprocessed.empty_unprocessed)
3: while ¬unprocessed.is_empty(U) do
4: (M,U) := unprocessed.pick(U)
5: for all ((t, b),M ′) in formalism.get_next(M) do
6: if ¬storage.contains(M ′, S) then
7: S := storage.insert(M ′, S)
8: U := unprocessed.insert(M ′, U)
9: end if

10: end for
11: end while

Algorithm 3.2: Basic state space traversal algorithm without calculation ofδ, ν, L andAP . The algorithm uses the
data structures of Figs. 3.1, 3.2 and 3.3.



Formalism, it is not difficult to implement such new algorithms, as theyoften rely on similar primitives. Currently
only one implementation of such a traversal exists, namely aversion of Algorithm 3.3.

3.2.2 The old state-space tool implementation

CPN Tools [23, 79] is a computer tool for editing and simulating CP-nets, and it contains a state-space tool with an
implementation of Algorithm 3.1 (it stores the successor relation δ but not the labels,L, the truth assignment,ν, nor
the atomic formulae,AP ).

Unfortunately, the implementation is not as clean as desirable. The main problem is that the clean separation
between the data structures,Storage, Unprocessed, andFormalism as identified in Algorithm 3.2 is not used in the
implementation. Rather, the three data structures are implicitly part of the environment.

This makes it difficult to implement new versions of the various data structures and have them immediately avail-
able in any other traversal algorithm we may have written. For example, an old implementation of on-the-fly LTL
checking exists for CPN Tools, but as the tree-based storageis so tied to the traversal algorithms, it is very difficult to
swap it out and use a more appropriate storage, such as one based on Bloom-filtering.

It is also difficult to make any profiling of state-space tool in CPN Tools, as we cannot easily wrap theStorage,
Unprocessed or Formalism with a version tracking how much time is spent on the various operations. This is easy
with the cleaner interfaces.

Another, more technical problem is that much of theStorage code is automatically generated and heavily depen-
dent on the CPN model we want to analyze in CPN Tools. As the state-space tool is coded to the implementation
and not to an interface, the entire state-space tool becomesdependent on the model and cannot be pre-compiled. It is
possible to automatically load the state-space tool when itis needed (and TIN-CPN actually has an implementation
of this), but as we have to compile more or less the entire state-space tool every time, this is very time consuming.
This is of course annoying, as CPN Tools supports incremental checking and compiling ofCPN models, much like
Eclipse [28] does for Java code. Forcing the user to explicitly enter the state-space tool creates a gap between editing
a model and analyzing its state space.

3.2.3 Different implementations of the three data structures

Currently CPN Tools uses a quite efficient tree for the implementation ofStorage, but if we decide to store states on
a hard-disk instead [82], the tree may not be the most efficient way. Also, if we only want to check safety properties
using Algorithm 3.3 we do not actually use the values stored in S, as long as we store enough information to keep
track of whether we have seen a state before, so we may make an implementation that mainly supports thecontains
operation, but does not make it possible to actually get the elements of the storage. One way to do this is to implement
a storage using bit-state hashing or the more general Bloom-filters. Currently theStorage interface is implemented
for a storage using the tree as in CPN Tools, a standard hash table, bit-state hashing, and Bloom-filtering, the two
latter implemented by me.

Require: Coloured Petri net,CPN = (Σ, P, T, C, I−, I+,MI), safety property,ϕ
Ensure: Whether∀M ∈ [MI〉.ϕ(M)

1: S := storage.insert(formalism.initial_state, storage.empty_storage)
2: U := unprocessed.add(formalism.initial_state, unprocessed.empty_unprocessed)
3: while ¬unprocessed.is_empty(U) do
4: (M,U) := unprocessed.pick(U)
5: for all ((t, b),M ′) in formalism.get_next(M) do
6: if ¬storage.contains(M ′, S) then
7: if ¬ϕ(M ′) then
8: return false
9: end if

10: S := storage.insert(M ′, S)
11: U := unprocessed.insert(M ′, U)
12: end if
13: end for
14: end while
15: return true

Algorithm 3.3: Algorithm for checking safety properties. This is a simple extension of Algorithm 3.2 to check
MCPPL. We use Algorithm 3.2 to traverse the entire state space and simply check the safety property for each new
state (in lines 7-9).



We note that thepick operation of theUnprocessed does not specify which element to pick. For example, if we
have implemented Algorithm 3.3, we may be interested in an error trace to the state not satisfyingϕ. Often we would
like this error-trace to be as short as possible. One way to accomplish this is to search the state space using a breadth-
first traversal. It is easy to convince oneself that if we implement theUnprocessed interface as a simple FIFO-queue,
we will traverse the state space in a breadth-first manner. Other algorithms, such as the nested depth-first traversal
used to check LTL on-the-fly, will instead use a depth-first traversal, which can be accomplished by implementing the
Unprocessed interface as a LIFO-stack. The sweep-line method [18,59] uses a special traversal policy that benefits
from a priority queue, as is briefly explained in Sect. 3.3. All of the mentioned implementations of theUnprocessed
interface currently exist.

Finally, one can also easily imagine other formalisms implementing theFormalism interface, thereby making a
state-space tool that is not tied to a specific modeling language. In fact, theFormalism interface has been implemented
for CP-nets in CPN Tools, simple CCS-processes and Bigraphical Reactive Systems, the two latter by me.

3.2.4 Experimenting with reduction techniques

With the current state-space tool of CPN Tools, experimenting with new reduction methods is tedious and difficult.
This problem is not unique to CPN Tools. Actually a similar problem arises if one want to change how states are stored
in e.g. SPIN [39], where experimenting with new methods forces you to modify code-generating C-code, which is a
difficult task.

The new design, where we have defined theStorage, Unprocessed, andFormalism interfaces and Algorithm
3.3 has made experimenting much easier, one particular example is the example that will be presented in Sect. 3.3.

As a lot ofStorages, three differentUnprocessed implementations, and two interestingFormalisms have al-
ready been implemented, the user is forced to make a lot of choices just to generate and analyze a state space. To
circumvent this problem, a wizard has been developed, whichmakes the decisions for the user for simple tasks such
as drawing the state space, generating an informative standard report or making simple queries. The wizard is my idea
and designed and implemented by me.

A screen-shot of the possibilities presented to the user in the current prototype can be seen in Fig. 3.4. For
example, the inexperienced user, who just wants to draw the state space, simply opens the wizard, checks “Draw the
state space”, leaves the “Advanced” box unchecked, and clicks “Next”. The wizard will then choose a storage, e.g.
Bloom-filtering, and an appropriate unprocessed storage (standard FIFO queue), and select a suitable version of the
traversal algorithm to draw the state space. Likewise reasonable choices are made, which allows the user to generate
a report showing simple properties of the system, to check safety properties or to simply create the Kripke structure
for further analysis.

Figure 3.4: The wizard presented to help users doing common tasks with the new state-space tool. Appropriate
choices are made to help the user to e.g. draw the state space,check safety properties, and generate a simple standard
report.



The user may also want to change some of predefined decisions,e.g. the safety property checker will currently
use Bloom-filtering for storage, but if the user wants to be 100% sure the desired property holds (Bloom-filtering may
report no error even if there is an error, and is often used to find errors rather than proving there are none), he may
want to use a simple hash table or the tree structure, perhapseven a future disk-based storage if he suspects the state
space is large. If the “Advanced” box is checked, the user is allowed to check and change all decisions made by the
wizard.

At the end of the wizard, the user is also shown the code that will be executed to generate the state space and do
the desired analysis, so he is able to change the code to his desire. This has been used extensively during test and
implementation of various instances of the three interfaces.

3.3 Efficient State Representations

As an example of experimenting with the cleaner interfaces,let us briefly sum up the results of a concrete experi-
ment with a very efficient representation of the state space of CP-nets (or any modeling language implementing the
Formalism signature).

The problem we address is that we want to store the entire state space explicitly, but we want to use as little space
as possible. Often a state space tool will use a quite naïve way to store states, e.g. a pair(n,m) may be stored as
two integers. This is done in order to be able to decode and encode values, while at the same time general enough to
handle all systems. Ifn,m ∈ {0, 1, 2, 3, 4}, we will use at least2dlog 5e = 3 + 3 = 6 bits to store a pair(n,m).
A better way is to enumerate all possible syntactical statesand use only enough bits to distinguish between them,
dlog(5 · 5)e = 5 bits. The optimal solution is to enumerate the reachable states only, for example we may know that
n,m ∈ {0, 1, 2, 3, 4} and |n − m| < 2 for all reachable pairs(n,m), so only 13 states are reachable. We could
then store each state using onlydlog 13e = 4 bits. The caveat is that most of the time we only know the number
of reachable states,R = |[MI〉|, when we have generated the state space, so we do not knowdlogRe either, and
therefore we do not know how many bits are required to store each state. This is the problem we address in [66].
Here, we shall only give the intuition of the algorithm used to create a very efficient representation of the state space.

Let us reconsider the example from Fig. 2.3 on page 5. For simplicity, we will remove the ability to drink water.
If we do this, the resulting model will have a state space thatlooks like Fig. 3.5. In Fig. 3.5, we use the notation
(m1,m2, b) for each state wheremi is the position of runnerr(i) whereStart= 0, DrinkStand= 1, Winner= 2, and
Loser= 3. b indicates whether the flag isup or down.

When we look at Fig. 3.5, we notice several things. Firstly, we can make calculations, like above, of the number
of bits required to store each state using the naïve representation, namelydlog 4e bits for each runner and1 bit for the
state of the flag, for a total of5 bits, and noticing that only 10 states are actually reachable, soonly dlog 10e = 4 bits
are actually needed.

If we take a close look at Algorithm 3.3, we notice thatS is only used to ensure termination in the case where we
have cycles in the graph and to prevent re-exploring states already visited (if a state is already inS, we will not add it
to U , and therefore not re-explore it). If we draw a horizontal line in Fig. 3.5, it will separate all the reachable states
into two sets, and all arrows will be directed from the lower set to the upper, and never backwards, as all arrows in the
figure point upwards. Thus if we have already visited all states in the lower set, we can safely remove all the states
below the line fromS; as no arrow points back to the set, we will never be in the casewhere we should have answered
yes toM ′ ∈ S in the if statement, but falsely answer no.

The sweep-line [18,59] method defines a simple way to create such a line. We define a so-calledprogress measure
to be a functionϕ : [MI〉 → N (in general the domain is just a partially ordered set) satisfying M [(t, b)〉M ′ =⇒
ϕ(M) ≤ ϕ(M ′). Using contraposition, we obtainϕ(M ′) < ϕ(M) =⇒ ¬M ′ [(t, b)〉M , meaning no arrows will go
from a state with a higher progress measure to a state with a lower progress measure. This also means that all states
in a cycle must have the same progress measure. In the worst case, all states must have the same progress measure. In
our example we can useϕ(m1,m2, b) = m1 +m2.

We can then use a priority queue for ourUnprocessed and useϕ(M) as the priority ofM . Whenever we obtain
a strict increase ofϕ(M) after thepick in line 4 in Algorithm 3.3, we remove all elements ofS with a lower priority.
We can directly use this algorithm to check safety properties, but we aim at checking more advanced properties, such
as LTL or CTL.

We want to extend the sweep-line method in such a way that we can check more advanced properties. We do this
by constructing a condensed representation of the state space, which contains enough information to reconstruct the
full structure during analysis.

Our condensed representation is simply a neighbor list representation of a graph, where we only store nodes we
have arrows to in our neighbor list. Table 3.1 shows a neighbor list representation of the graph in Fig. 3.5. The
first number in the parentheses indicates the number of successors, the second number will be explained shortly, and
the numbers after the # indicate the successors. It is no problem to enumerate states on-the-fly in our state-space
algorithm, but the problem is that we do not know how many bitsare needed to store all the numbers. This is solved



Figure 3.5: The state space of the net from Fig. 2.3 with thedrink transition andDrinks place removed. We use the
notation(m1,m2, b) for each state wheremi is the position of the runners, andb indicates the state of the flag. This
figure is generated and automatically drawn using TIN-CPN and the prototypical user interface for the state space
tool.

by simply using the minimum bits needed to store the number ofall neighbors. We must then store this number in
order to be able to decode the data afterwards. This is the second number in the parentheses in Table 3.1.

We combine this with the sweep-line method, so we do not storemore than needed ofS, and thereby reduce the
amount of memory needed to construct the condensed representation. A simplified version of the algorithm presented
in [66, Fig. 3] is presented as Algorithm 3.4. The algorithm is a simple extension of Algorithm 3.2. The first change
is that we use a priority queue forunprocessed, and we garbage collect all states with lower progress measure (line
8), thus implementing the sweep-line method. Second, we need to enumerate all states. This is done by lines 3, 4, 11,
and 12. In line 16 we calculate the number of the successor with the largest number, and in 17 and 18 we construct
the header respectively the body of the neighbor list.

As presented here, the progress measure must bemonotone, i.e. always satisfyM [(t, b)〉M ′ =⇒ ϕ(M) ≤
ϕ(M ′). The algorithm presented in [65,66] works even if this is notalways the case, by using the results from [59] at
the cost of running time.

In order to validate and evaluate the performance of the new algorithm a proof-of-concept implementation has
been developed. The prototype implementation of the new algorithm is slightly simpler than the algorithm described
in this paper. We do not implement the variable-length numbers for node indices, but represent each index as a four
byte computer word. This greatly simplifies the implementation but uses more memory for smaller systems and limits

state # neighbor list state # neighbor list

0 (2, 2)#1, 2 5 (1, 3)#7
1 (2, 3)#3, 4 6 (1, 4)#8
2 (2, 3)#4, 5 7 (1, 4)#9
3 (1, 3)#6 8 ε
4 (2, 3)#6, 7 9 ε

Table 3.1: Condensed representation of the state space in Fig. 3.5. The construction algorithm has enumerated the
elements from right to the left in each sweep. For each node westore the number of successors, then the number of
bits used for each successor and finally the successors. States 8 and 9 have no successors, so we create no neighbor
list for them.



Require: Coloured Petri net,CPN = (Σ, P, T, C, I−, I+,MI), progress-measure,ϕ : [MI〉 → N

Ensure: A neighbor list,E
1: S := storage.insert(formalism.initial_state, storage.empty_storage)
2: U := unprocessed.add(formalism.initial_state, unprocessed.empty_unprocessed)
3: idx(MI) := 0
4: n := 1
5: while ¬unprocessed.is_empty(U) do
6: (M,U) := unprocessed.pick(U)
7: X := formalism.get_next(M)
8: S := S \ {M ′ ∈ S |ϕ(M ′) < ϕ(M)}
9: for all ((t, b),M ′) in X do

10: if ¬storage.contains(M ′, S) then
11: idx(M ′) := n
12: n := n+ 1
13: S := storage.insert(M ′, S)
14: U := unprocessed.insert(M ′, U)
15: end if
16: m := max{idx(M ′) | ((t, b),M ′) ∈ X}
17: E[idx(M)].header := (|X |, dlogme)
18: E[idx(M)].data := idx(M ′) for each((t, b),M ′) ∈ X
19: end for
20: end while
21: return E

Algorithm 3.4: A sweep-line method for obtaining a condensed graph representation. This is a simplified version of
Fig. 3 in [66].

the prototype to models with less than232 states, which is no serious limitation.
The first example we consider is a database replication protocol [48, Sect. 1.3]. The protocol describes the com-

munication between a set of database managers for maintaining consistent copies of a distributed database. When a
database manager updates its local copy of the database, it broadcasts an update request to all other database managers
which then perform the update on their local copies, and thenthey acknowledge that the update has been performed.
The progress measure for the protocol is based on the controlflow of the database managers and on an ordering of the
database managers. See [59] for details.

All experiments were conducted on a1GHz Pentium III Linux PC with1Gb of RAM.
Table 3.2 shows the performance of full state space generation compared with the new algorithm. The|D| column

shows the number of database managers in the different configurations, the following four columns show the values
for the full state space, and the last four columns show the values for the new algorithm. In the full state space columns
theStatescolumn shows the number of states for each configuration, theAvgcolumn shows the average number of
bytes in the state vector in the different configurations, the Memorycolumn shows the total memory usage in bytes
for storing all states, and theTime column shows the time used for calculating the state space inseconds. In the
sweep-line columns theStatescolumn shows the number of states explored by the sweep-linealgorithm, thePeak
column shows the peak number of states stored during the exploration, theMemorycolumn shows the number of
bytes used for storing the states in the condensed representation plus the states inPeak, the number in the parentheses
indicates the memory consumption of the condensed representation as a percentage of the full representation, theTime

Full Reachability Graph Sweep-Line based Algorithm

|D| States Avg Memory Time States Peak Memory (%) Time (%)

5 407 146 59,422 0 813 33 8,070 (14) 0
6 1,460 169 246,740 0 2,919 88 26,548 (11) 1 (-)
7 5,105 191 975,055 3 10,209 251 88,777 (9) 7 (233)
8 17,498 214 3,744,572 15 34,995 738 297,912 (8) 35 (233)
9 59,051 237 13,995,087 66 118,101 2,197 993,093 (7) 155 (235)
10 196,832 259 50,979,488 286 393,663 6,572 3,276,800 (6) 665 (233)

Table 3.2: Performance of the full state space generation compared to the new algorithm for a database replication
protocol. We see that the new protocol uses approximately the double amount of time but only aroundd 10% of the
space.



column shows the time used for calculating the condensed graph, and the number in parentheses shows the amount of
time used for calculating the condensed representation as apercentage of the amount of time used to generate the full
representation.

In the database replication protocol all states but the initial state are explored twice by the sweep-line algorithm,
and consequently the condensed graph has twice as many nodesas the full graph and the time for calculating the
condensed graph is roughly twice as long as the time for calculating the full state space. TheMemoryin the sweep-
line columns is calculated as4 · States+ Avg · Peaksince one computer word (4 bytes) is used for representing
each condensed state andAvg · Peakbytes are used for representing the states on the sweep-line. We only compare
the memory usage for storing the states, as the memory usage for storing the remaining graph structure would be
comparable for the two methods. Although the unfolded graphgenerated by the sweep-line method contains twice
as many nodes as the original state space the memory usage—asseen in the two Memory columns—is significantly
improved. For five database managers the reduction is down toaround 14%, while for ten database managers the
reduction is further improved, down to around 6% of the full representation.

The second example is a system with little progress, namely the Dining Philosophers problem. We use the number
of eating philosophers as progress measure. The performance is shown in Table 3.3. Here the# philscolumn shows
the number of philosophers. The remaining columns have the same meaning as in Table 3.2.

We see that during analysis, we store nearly all reachable states with the new algorithm, so the memory used
for storing the compact representation is overhead. Compared to the amount of memory used for storing the full
state vectors, this amount is not significant, however, and the only real disadvantage is that we still use extra time
for the construction. If the number of reachable states is close to the number of syntactically possible states, the
amount of memory used for the condensed representation is comparable to the amount of memory used for the full
representation, and little is gained from using the new algorithm.

To sum up the results, the new method, as expected, performs well on systems where the sweep-line method
performs well, i.e. systems with a lot of progress. In the case we have seen the method uses approximately twice the
time as Algorithm 3.2, but uses only 6-14% of the space. When the sweep-line method performs badly, e.g. in certain
reactive systems, the method uses approximately the same amount of memory as Algorithm 3.2 but more time. In a
sense, the algorithm trades space for time, so that we can analyze larger systems.

3.4 Contribution and Future Work

In this chapter we have presented the design of a new state-space tool for CP-nets. We have defined three simple
interfaces,Storage, Unprocessed, andFormalism, and shown how these interfaces can be used to traverse the state
space, to check safety properties, and to generate a condensed representation, which can be used for further analysis.

We have highlighted some concrete implementations of the three interfaces, and shown how we can use this design
to easily test new reduction techniques.

The design and implementation of the new state-space tool has been going on for some time. My involvement is
primarily with the implementation and test of various storages as well as design and implementation of the state-space
wizard, which makes the tool usable for normal users as well as easier to experiment with for researchers working
with state space reduction techniques.

Also, I have implemented a couple of different instances of the Formalism interface, one for CCS, mainly for
making automatic tests easier to conduct, and one for Bigraphical Reactive Systems, to test the tool with a fairly new

Full Reachability Graph Sweep-Line based Algorithm

|D| States Avg Memory Time States Peak Memory (%) Time (%)

2 4 34 136 0 7 4 164 (120) 0 (-)
4 8 57 456 0 15 7 459 (101) 0 (-)
6 19 82 1,558 0 37 18 1,624 (104) 0 (-)
8 48 106 5,088 0 95 47 5,362 (105) 0 (-)
10 124 130 16,120 0 247 123 16,978 (105) 0 (-)
12 323 154 49,742 0 645 320 51,860 (104) 2 (-)
14 844 177 149,388 6 1,687 841 155,605 (104) 22 (367)
16 2,208 201 443,808 58 4,415 2,205 460,865 (104) 200 (344)
18 5,779 224 1,294,496 4226 11,557 5,773 1,339,38 (103) 1576(353)
20 15,128 247 3,736,616 2643 30,255 15,105 3,851,95 (103) 9131 (345)

Table 3.3: Performance of the full state space generation compared to the new algorithm for a the dining philosophers
problem. We see that the new protocol uses more than three times as much time, but only uses slightly more memory.



formalism. The implementation of state-space analysis forBigraphical Reactive Systems is also interesting in itself,
because, to my knowledge, it has not been possible to do state-space analysis of these systems, until now. and

In part B of my PhD study, I expect to devote most of my time to the state-space tool. One experiment I want to
do is to compare the sweep-line method to other well-known reduction techniques, such as bit state hashing and hash
compaction [84,97].



Chapter 4

Model-based Prototyping and Animation

A model of a (computer) system can be compared to drawings andthree-dimensional models of new buildings made
by architects. A model of a computer system is intended to capture the essentials of the final system, but at the same
time be simple enough to allow analysis, e.g. using the state-space method, as described in Chapter 3. An architect will
usually first create a drawing of a new building, then create athree-dimensional model, and finally build the building.
In the same manner, a computer system might be built by creating a system description as a document written in
natural language, then creating a model, a formal, executable, and verifiable description capturing the essentials of the
system, and finally implement the system.

Although intriguing, this approach is rarely used in practice. In a real setting, one will often view the modeling step
as a waste of time, whereas in an academic setting, one is often not interested in the final product, and therefore stops
after the modeling. Even if one goes through both the modeling and implementation of the system, there is no real
guarantee that the model really captures the final system; often one has to make slight changes to overcome unforeseen
difficulties. These changes are seldom reflected in the model, as one has completed that part of the development
process. We may still gain insights from creating the model,but we cannot use the model for verification, as the
model no longer reflects the final system. One could try to repair the development model by using a waterfall-like
approach, where we go back and update the design documents, such as the model, but this approach is not well tailored
to interactive applications [10] and when deadlines approach, going back to repair design flaws is often neglected.

There are, however, a number of areas where modeling has beenvery successful: within the area of verifying
computer processors [26] and within the area of verifying protocols, either computer network protocols [33,34,58,72]
or protocols for human interaction or workflows [89]. One reason that the model-based approach is successful here is
that the end-product is not an advanced piece of software, but rather the specification, and the model can be viewed as a
test rather than an unused intermediate step. Another successful use of models is to observe the success for application
of models for protocols, and try to use models for test ratherthan specification. One then writes a specification, makes
an implementation and finally extracts a model (semi-)automaticallyfrom the final product. The automatic extraction
eliminates human errors in the modeling or translation, anderrors in the model can often be traced directly back to
the software product. This approach is used in various projects, such as Modex [41, 42, 71], a model extractor for C
code, or to check contracts for device drivers in Microsoft Windows using SLAM [1,81].

We propose a new way to use models in the software developmentprocess. Firstly, we will not look at software
in general, but rather at the software most commonly developed, namely software where a user interface shows and
manipulates a data model. Such software is designed using the Model-View-Controller design pattern [32]. Thus
software often consist of mainly two or three parts, a user interface (the view) and a representation of data we want
to manipulate (the model) and how we want to manipulate it (the controller). We will often combine the model
and the view, as objects in object-oriented programming languages contain data and methods to manipulate the data.
Secondly, we observe that while modeling in the sense we use here, a formal, executable, and verifiable description of
a software product is rarely used, a more relaxed version is often applied in practise, namely a prototype. A prototype
is written with two things in mind: to discuss the user interface with the user and to understand and capture the logic
that needs to be used by the final product. In [60] we give an example of this approach.

The visual part of a prototype can easily be built using a GUI-builder, such as Eclipse [28] or Visual Studio [91].
This part of the prototype can often be used in the final application as well, so this expense is easy to justify. The
business logic, or workflow, is often programmed using hastily written code that “works”. This code is rarely usable
when the prototype is to evolve into the final product, and theexpense to write this part is only justified by the need
to understand the workflow that needs to be built into the application.

We propose to model the data model part of the prototype usinga formal modeling language, such as PROMELA
[42, 83], timed automata [5], workflow nets [88, 89], or Coloured Petri nets [48], rather than making a coarse im-
plementation in a standard programming language, such as Java or C#. This has a number of advantages: Firstly, it
is often easier to express the data model and the operations that one can make on it, using a higher level language.
Secondly, the model may now actually be the final implementation, either by just simulating the model and let the
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user interact with it, or by automatically generating executable code(-templates) that is guaranteed to capture the logic
of the model. Finally, as the model is now closer to the actualimplementation, it is now possible to make analysis of
the model and directly connect it to the final implementation.

In the paper [60] we describe an industrial case where we build a “prototype” of a network protocol. The prototype
is created using a tool, TIN-CPN, which I have designed and implemented during my PhD work. I also participated
in the industrial case described in [60]. I mainly created the animation package and the animation we used in the
project as well as tying it to the model, but I also participated in various parts of the modeling phase. A lot of the
design ideas for the animation tool have evolved from the concrete problems of the industrial case. As part of the
design of the animation tool, the idea of a model-driven prototype, was conceived. Presenting the state of a model in
a user-friendly way is by no means a new idea [11, 12, 62, 78], but the idea of a model-driven prototype of standard
computer software, where the model can be replaced by a real implementation and the view by a test-driver, is.

Figure 4.1 shows the approach taken to use CPN models to develop a prototype. A CPN model (lower left of
Figure 4.1) has been developed by modeling the natural language protocol specification (lower right) of the system in
question. The modeling activity transforms the natural language specification into a formal executable specification
represented by the CPN model. The CPN model captures the essentials of the system we want to implement. The
resulting model can already be viewed as an early prototype since it is possible to execute and experiment with the
protocol at the level of the CPN model. Since CP-nets is a graphical modeling language, it is possible to observe the
execution of the model directly on the CPN model.

The CPN model provides a very detailed view on the execution of the system and it can be an advantage to
provide a high-level way of interacting and experimenting with the prototype. Furthermore, when presenting the
protocol design to people not familiar with CP-nets, it can be an advantage to be able to demonstrate the prototype
without directly relying on the CPN model but more on application and domain specific concepts, such as (images of)
computers and routers. To support this, an animation GUI (top left of Figure 4.1) has been added on top of the CPN
model. The animation GUI visualizes the execution of the model, by updating the graphics according to the state of
the model.

Related Work ExSpect [85], a tool for modeling based on CP-nets, allows the user to view the state by associating
widgets with the state of the model, and asynchronously interact with the model, also using simple widgets. In
this way, it is easy to create simple user interfaces that support displaying information, but support for creating full
applications is not easily available.

M IMIC /CPN [77] makes it possible to animate models within DESIGN/CPN [17, 25], which is another tool for
modeling using CP-nets. CPN models are animated by MIMIC /CPN by using function calls that are executed when-
ever a transition of the CP-net occurs. The animations are drawn using an application that resembles traditional
drawing programs. Input from the user is possible by showinga modal dialog, where the simulation of the model is
stopped while the user is expected to input information. It is also possible to make click-able regions, and the model
can then query if one of these has been clicked.

LTSA [63], a tool for modeling using timed labeled transition systems, allows users to animate models using a
library called SceneBeans [64,80]. In LTSA animations are tied to the models by associating each animation activity
with a clock; resetting a clock corresponds to starting an animation sequence. The animation sequence or a user with
his mouse can then send events which correspond to the progress of the timer.
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Figure 4.1: Model-based prototyping approach.



Another approach, taken by e.g. the COMMS/CPN [31] library for DESIGN/CPN and CPN Tools, is to provide
a TCP/IP [44] abstraction, allowing the user to code the userinterface in any language and use RPC to communicate
with it. This approach resembles creating real programs quite a lot, but the user has to go through the hassle of
implementing RPC himself, making this approach difficult touse in practice.

PNVis [53] is an add-on for the Petri Net Kernel [93], a highlymodular tool for editing Petri nets. PNVis associates
tokens with 3D objects and certain places with locations in a3D world. Moving tokens corresponds to moving the
associated object in the 3D world. PNVis is suitable for modeling physical systems, but not really useful for creating
prototypes of software.

The Play-Engine [35] supports the developer in implementing a prototype by inputting scenarios (play-in) via an
application-specific GUI, and then executes the resulting program (play-out). Compared to our approach this makes
the model implicit as the model is created indirectly via theinput scenarios. In a sense, we create a prototype via
direct manipulation, but as the model of the system is created indirectly via the input scenarios it may be difficult to
use the model for analysis and as basis for implementation ofthe final system. The reason is that an implicitly created
model is difficult to interpret as it is automatically generated.

We have mentioned a number of libraries, all of which supportanimation in different ways. Using some libraries,
animation is integrated with the modeling formalism, such as the use of timers in LTSA or the ability to view or change
the marking of places in ExSpect. Some libraries are easy to extend, such as animations in LTSA, as the SceneBeans
library allows users to easily extend it with new animation primitives. Also, animations created using COMMS/CPN
can easily be extended, as the “animation” is just a custom (Java) application. Some libraries make it easy to design
animations, such as ExSpect and MIMIC /CPN, which both provide a graphical user interface to design animations.
All of the libraries are quite low-level, however, and the resulting animation is just that, an animation, and does not
really resemble a real software prototype, except for animations created using COMMS/CPN, but in this case you have
to code the RPC needed to drive the animation yourself.

The designed animation package aims at providing the good features from all these libraries, and successfully
does so. In the rest of this chapter, we will first describe ourdesign of the TIN-CPN animation package, BRITNeY
animation, and we will then turn to the description of the industrial case.

4.1 BRITNeY Animation

As part of my PhD part A, I have implemented a tool to support model-driven prototyping and animation.
The earliest version was inspired primarily by COMMS/CPN and MIMIC /CPN. From COMMS/CPN we borrowed

the idea of communicating with an external application using some kind of RPC and from MIMIC /CPN we borrowed
the idea of making animations using simple procedure calls on transition occurrence. The first version was just a Java
application able to draw simple geometric figures based on input on a TCP socket.

The next version switched from a proprietary RPC protocol tothe XML-RPC [96] standard protocol. Also, this
version introduced the concept of animation objects, a predecessor of animation plug-ins. Animation objects makes
it possible to extend the animation tool with new, often higher-level, kinds of animations, such as message-sequence
charts or Java dialogs. Animation objects had to be compiledtogether with the animation tool, making it difficult for
other people that the BRITNeY programmers to create new animations such as custom application dialogs.

In the third version, animation objects were put into plug-ins, thereby enabling users to easily create plug-ins
themselves. More than 10 animation plug-ins have already been developed, e.g. a plug-in to draw message-sequence
charts, a plug-in to draw directed graphs in 2D and in 3D, a plug-in to display simple messages to the user, a plug-in
to get simple input from the user, a plug-in to generate different kinds of charts, a plug-in integrating the SceneBeans
animation library of LTSA, and a couple of more specialized animation plug-ins. Plug-ins can be created with as
few or as many dependencies on services offered by the animation tool as desired. That is, a new animation can be
no more than a dialog designed in your preferred GUI builder,or it can be integrated in the animation tool, thereby
allowing the user to e.g. print the current state of the animation. The overall architecture of this third version can be
seen in Fig. 4.2.

The main idea behind this animation package is the Model-View-Controller (MVC) design pattern, where the
CPN model is the MVC-model, the animation is the MVC-view, and the model executor is the MVC-controller. One
of the main benefits of using this design pattern is that in principle we can replace any component, and e.g. replace
the MVC-controller/MVC-model with a real implementation,which facilitates a model-driven prototype approach.
As explained in Sect. 4.1.1, it is also possible to remove theview for analysis.

4.1.1 CPN Tools Specific Enhancements

The abstract view of the animation tool given in Fig. 4.2 is formalism-independent. The animation tool has been
designed to seamlessly interact with CPN Tools, and a view ofthis interaction can be seen in Fig. 4.3. An important
thing to notice is that we have added an XML-RPC client to the simulator as well as some stubs [21, Sect. 5.3], i.e.
functions encapsulating the RPC calls to the animation tool. This is the standard approach to RPC.
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Figure 4.2: The conceptual architecture of the animation tool. On the left, we see the model executor, this can
be a CPN simulator or any other application that understandsXML-RPC. On the right, we see the animation tool,
connected with a number of animation plug-ins.
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Figure 4.3: A more detailed view of the integration of the animation tool with CPN Tools. Compared to Fig. 4.2,
we have a more detailed view of the model executor. Firstly, the executor is split up into two parts, an editor and
a simulator. Secondly, we see that the simulator communicates with the animation tool using an XML-RPC client.
Furthermore, a number of stubs for the functions in the animation tool exist in the simulator to abstract away the RPC
mechanism. We also see two subcomponents of the animation tool, namely a stub generator and a CPN interface.



Automatic Stub Generation

As the functionality of the animation tool can be extended byplug-ins, we may have to dynamically add more stubs
to the simulator. In order to make this as simple as possible for the user, this is done automatically.

If we open up the animation tool a bit, we see two subcomponents of the animation tool. One is the Stub generator.
This uses Java reflection [47] to inspect the registered plug-ins and generate a stub to access the functionality. This
stub is then loaded into the simulator, as indicated by the dashed arrow.

In order to keep the animation tool as independent of CPN Tools as possible while still providing this convenient
feature, the stub generator is only invoked if the animationtool detects that the animation is driven by CPN Tools.

CPN Interface

A somewhat subtle problem with directly using the RPC calls in our model, is that the functions are directly tied to the
animation, as we explicitly call the functions in the animation tool. This ties our model to the animation, and makes
runs without the animation difficult or even impossible. We would rather use mechanisms closer to the model to drive
the animation, much like LTSA, where animation “calls” are modeled as operations on clocks, a natural concept in
timed labeled transition systems.

We can use synchronous channels as described in Sect. 2.2.3 to simulate calls to the animation tool. If we simply
create a send-transition to send the parameters to an animation plug-in followed by a receive transition to retrieve the
result, we can communicate with the animation tool by simplysending data on channels. By reversing the order of
the sender and the receiver, it is also conceivable that communication is initiated from the animation. This approach
provides several advantages. Firstly, we abstract away theconcrete animation tool. Secondly, and perhaps more
important, we can now remove the animation and instead add a test-driver, e.g. modeled in CPN as well. All the
driver has to do is to listen on the correct channels and stimulate other channels. This would enable analysis of the
same model that we use to drive our animation. Finally, if we wish to turn off animation altogether, we can just make
empty channel endpoints. These can even be auto-generated.

Recall from the introduction that in ExSpect animations areviews of places and can affect the model by adding
tokens to specific places. The dual concept of synchronous channels is fusion sets, where two or more places share the
same tokens. If we allow the animation tool to participate infusion groups, we can achieve exactly the same behavior
as in ExSpect. We add an animation tool equivalent of a memberof a fusion set, and allow other objects to register
themselves as observers [32] of this member or to modify the member. This provides functionality much like that
of synchronous channels, i.e. animation tool independenceand ability to easily construct test-drivers, but now the
communication is asynchronous rather than synchronous.

As mentioned earlier, animation plug-ins can be as dependent on the services provided by the animation tool as
they desire. If a plug-in wants to use the CPN interface, it must state so, and it can then only be used when a CPN
simulator is present. Other animation objects may not need these features and can be used without a CPN simulator,
thus keeping the animation tool independent from CPN Tools.

4.2 Case Study: Telebit Animation

We present a case study from a joint research project [56] between the Coloured Petri Nets Group [22] at the University
of Aarhus and Ericsson Danmark A/S, Telebit [29]. The research project applies formal methods in the form of
Coloured Petri Nets and the supporting CPN Tools in the development of Internet Protocol Version 6 (IPv6) [43] based
protocols for ad-hoc networking [73]. An ad-hoc network is acollection of mobile nodes, such as laptops, personal
digital assistants, and mobile phones, capable of establishing a communication infrastructure for their common use.
Ad-hoc networking differs from conventional networks in that the nodes in the ad-hoc network operate in a fully
self-configuring and distributed manner, without any preexisting communication infrastructure such as base stations
and routers.

Here we will describe a particular case study I have participated in. In this study CP-nets have been used for
the specification of an interoperability protocol for routing packets between fixed core networks and mobile ad-hoc
networks. The interoperability protocol ensures that a packet flow between a host in a core network and a mobile
node in an ad-hoc network is always relayed via one of the closest gateways connecting the core network and the
mobile ad-hoc network. [60] shows how integrated use of CP-nets and BRITNeY animation have been applied to
build a model-based prototype of the interoperability protocol. The prototype consists of two parts: a CPN model that
formally specifies the protocol mechanisms and a graphical user interface for experimenting with the protocol.

Figure 4.4 shows the hybrid network architecture captured by the model-based prototype. The network architec-
ture consists of two parts: an IPv6 core network (left) and a mobile ad-hoc network (right). The core network consists
of a Domain Name System (DNS) Server andHost 1. The mobile ad-hoc network contains three mobile nodes
(Ad-hoc Node 3-5). The core network and the mobile ad-hoc network are connected byGateway 1 andGateway
2. A routing protocol for conventional IP networks (such as OSPF [61]) is deployed in the core network and a routing



protocol for ad-hoc networks (such as OLSR [20]) is used in the mobile ad-hoc network. The purpose of the interoper-
ability protocol is to ensure that packets are routed between hosts in the core network and nodes in the mobile ad-hoc
network via the closest gateway. For a description of the protocol and how it is implemented, please refer to [60].

The domain-specific GUI makes it possible for the user to observe the behavior of the system and to provide
stimuli to the protocol. The use of an underlying formal model is completely hidden when experimenting with the
prototype. The domain-specific GUI has been used in the project both internally during protocol design and externally
when presenting the designed protocol to management and protocol engineers not familiar with CPN modeling.

We have also included a dynamic generation of message sequence charts, which is a formalism well-known to
many protocol engineers. To do this, I implemented an animation plug-in for BRITNeY animation, which is now
generally available. A log of how we arrived at the situationin Fig. 4.4 can be seen in the message sequence chart
in Fig. 4.5. First the model decided thatGateway 1 should send out advertisements to allAd-hoc Nodes. Then the
user decided to moveAd-hoc Node 3 (simply by dragging the image to its new location). The modelnow makes
Gateway 1 and thenGateway 2 send out advertisements, which causesAd-hoc Node 3 to update its IP-address and
send an update to theDNS Server. Now the user wantsHost 1 to transmit data toAd-hoc Node 3, and clicks on
the square next to it. This makesHost 1 look upAd-hoc Node 3 in theDNS Server, and send the data. In Fig. 4.4
we see the data in transit from the host as dots on the network.

When we started the project, BRITNeY was still in the very early stages, and only supported RPC-based animation
facilities. During the project, this proved to be insufficient. For example, we would like the animation to automatically
reflect some information about the model, such as the DNS database. We solved this by manually updating the view
of the DNS server each time we made a change. This would have been much easier to obtain by just making a view
on the place modeling the database. Also, a lot of effort was spent on making somewhat asynchronous input from the
animation, such as movement of mobile nodes. Our implementation used a transition to poll the animation, but this
would have been much easier, had we just been able to directlyadd tokens to a place in the model.

Another observation we made during the project was that after integrating the model with the animation, we could
not easily turn off the animation and just work with the model. We believe this would be possible, had we abstracted
away the direct function-calls from the model and just used synchronous channels.

The project demonstrates that the use of formal modeling combined with the use of domain-specific visualization
can be an effective approach to rapidly construct an executable prototype of a communication protocol.

Deploying Animations

Another problem that we also discovered during the project was that deploying the prototype to the industrial partner
was quite tedious. We had to give them quite complex instructions on how to load and simulate CPN models using
CPN Tools. This is of course not a desired situation, and therefore a lot of work has gone into easing the deployment
of animations after the project.

Firstly, it is now possible to run a simulation of a CPN model without ever starting the CPN user interface.
BRITNeY animation is able to load and start a model itself, using only the CPN simulator of Fig. 4.3. This is a great
advantage as users no longer have to get a long manual on starting CPN Tools, loading a model, preparing to start the

Figure 4.4: The Hybrid Network Architecture.



Figure 4.5: Another view of the network in Fig. 4.4. We here see all messages transmitted by the different nodes. This
trace shows how we arrived at the situation in Fig. 4.4.

animation, starting the animation and finally interacting with the animation. As the only reason BRITNeY has to do
simulation is to drive an animation, we can simplify the loading of a model to a single click on a button.

Secondly, BRITNeY animation supports deployment based on Java Web Start [46], a relatively new technique for
deploying Java applications that makes it possible to install and run a new application simply by clicking on a link
in a browser. The technology will then check whether the correct version of Java is available and offer to download
upgrades if needed. It is definitely easier to just point users to a web page, optionally with some instructions on using
the prototype, than to distribute CDs and explain how to use them.

4.3 Contribution and Future Work

In this chapter, we have summarized a number of facilities for animating formal models. We have also described the
design of an application supporting animation of CP-net models, and how this tool has been used in an industrial case.

My contribution to visualization of formal models consistsof two parts. Firstly, the implementation of BRITNeY
makes it possible for users of CPN Tools to create a graphicaluser interface for their models. Second, the idea of
creating prototypes of software, allowing some parts of theModel-View-Controller design pattern to be driven by
formal models is new. This approach allows developers to rapidly develop rough prototypes, and through step-wise
refinement of the model an prototype to get a formal model of the produced software, and to reuse parts of the
prototype in the final product. In some cases it may even be possible to use the model as the implementation or to
automatically derive (a skeleton of) the final implementation from the model. The Play-Engine supports an approach
similar to this, but the derived model may be difficult to interpret to obtain the final implementation, making this
approach less desirable.

My work on BRITNeY is almost complete. It is being cleaned up for a general release, and will then be handed
over to the student programmers currently maintaining CPN Tools.

I expect I will use features of BRITNeY in the future, as BRITNeY supports drawing and automatic layout of
directed graphs, which has already proven itself a valuabletool for experimentation with the new state-space tool.



Chapter 5

Towards an Exchange Format
for Coloured Petri Nets

The ability to exchange Petri net models between different tools has several benefits; among the most important
benefits is the ability to make tools that focus on only one aspect of editing, simulation, or analysis. Another important
benefit is the possibility of creating a library of common models, which can easily be used when explaining and
benchmarking a new analysis method. In order to support suchan exchange, a common exchange format should be
agreed upon.

The Petri net Markup Language (PNML) [7, 92] provides a meta model of Petri nets and a framework to specify
formats. In order to specify an exchange format, the implementer has to write a Petri net Type-Definition (PNTD),
which specifies the allowed labels for each type of element, i.e. the allowed annotations, such as names of places and
transitions, arc annotations, place types, and initial markings. The PNML framework specifies an eXtensible Markup
Language (XML) format, which we shall use as our exchange format.

In the paper [95] we propose and exemplify such a format for high-level Petri nets, such as CP-nets. My contri-
bution to this area is in part the paper [95], as it documents aconcrete way to exchange high-level Petri nets and it
gives translations of several common composition mechanisms to the module concept of PNML. Furthermore, I have
participated in several standardization meetings, and have, along with other members of the CPN group, pushed the
standard towards allowing a mixed format for annotations, as shall be motivated and explained later. In this chapter,
we will present our work on the concrete proposal.

The PNTD for PT-nets (see Fig. 2.2 on page 4 for an example of a PT-net) is very simple, and except for names of
places and transitions, only specifies that places can have an initial marking and that arcs can have an arc annotation.
Both initial markings and arc annotations are simply natural numbers. A PNTD for High-level Petri nets (HLPN)
must not only specify more labels such as declarations of variables and functions, place types, and transition guard
functions, the described labels are also more complex as places can have arbitrary types.

Apart from more advanced labels, CP-nets also allow the modeler to construct models by combining smaller
components. We have earlier seen fusion places, in Sect. 2.2.2, and modules communicating using synchronous
channels, in Sect. 2.2.3. Both of these constructs (as well other composition mechanisms) can be expressed by adding
more labels to the involved places or transitions, e.g. a label for each place indicating the fusion set it is a member
of, but PNML already provides a generic module concept, which can be automatically flattened to an equivalent net
without modules [54]. By translating to this module conceptinstead of introducing more labels, it is possible to
exchange models between tools understanding elaborate composition mechanisms and tools that only understand flat
nets – we still lose some information about the structure, but we preserve the semantics, which is sufficient for e.g.
analysis.

5.1 Arc Annotations

In this section, we first describe the main problems with labels, provide solutions for them and exemplify the proposed
solution for arc annotations. Labels are the textual annotations of places (e.g. names or types), transitions (e.g. names),
arcs (arc annotations), and entire Petri nets (e.g. declarations of types).

A major problem when trying to exchange labels is that different HLPN tools use different annotation languages.
For example, to move “one token with value 2 and four tokens with value 7” to or from a place in CPN-AMI or
CPN Tools one would use the syntaxes shown in Fig. 5.1. Although the concrete syntax differs, the labels in Fig. 5.1
clearly express the same values and can be exchanged if, instead of exchanging concrete syntax, the tools exchange
abstract syntax trees (AST). The problem with similar annotation languages with different concrete syntaxes has been
illustrated here using arc annotations, but the problem also arises for other kinds of labels. For more examples, refer
to [95].
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<2> + 4*<7>
(a) CPN-AMI

1‘2 ++ 4‘7
(b) CPN Tools

Figure 5.1: The multi set “one token with value 2 and four tokens with value 7” in the syntax of the tools CPN-AMI
and CPN Tools.

Even though exchanging everything as ASTs solves the problem with exchanging annotations with different con-
crete syntaxes, other problems arise. Adding new features to the formalism becomes quite cumbersome because the
exchange format has to be changed and all tools have to support the new format. It would be desirable if implementers
could easily try out a new feature and, if it persists, the entire community could make an orderly change to the standard
rather than encourage implementers to make dozens of independent and incompatible ad-hoc “improvements” as has
happened within the Hyper-Text Mark-up Language (HTML) community, where e.g. the introduction of frames was
prompted by a vendor-specific “improvement”. Therefore we propose allowing, at any point in the saved AST, a leaf
containing verbatim text—this leaf can then be used to save concrete syntax when needed. Allowing verbatim text in
the AST also offers an important advantage, namely that eventhough the format is meant to be an exchange format
for correct nets, it is also possible to use the format as primary storage format; it is highly likely that a modeler may
want to save a net halfway through the modeling, but at this point some annotations may not be syntactically correct
and therefore not parsable, so an AST cannot be constructed.If one insists on saving ASTs only, such an erroneous
label cannot be saved, but it is easy to save such an annotations as verbatim text.

In Kindler’s proposal for ISO/IEC 15909 part 2 [52], a cleaner cut between structured and unstructured labels
is suggested: a label is either completely unstructured or completely structured. The advantage of not requiring a
clear-cut separation is that it makes it possible to maintain more structure even when using an element that has not yet
been standardized. For example, in Fig. 5.2 lines 5-14, we are able to represent a multi set of an integer and a value
computed by a function using abstract syntax even though thevalue of a function application is not yet standardized.
If multiple tool implementors decide that function application in multi sets is useful, it is still easy to exchange nets
between these tools—this exchange would be difficult had it not been possible to make a partially structured label.
Furthermore, allowing partially structured labels does not add any extra complexity to the implementation of tools, as
it is very easy to write an eXtensible Stylesheet Language Transformations (XSLT) style-sheet capable of translating
(partially) structured labels to unstructured labels.

We also notice that we will have to allow storing labelsboth in concrete and abstract syntax. The abstract syntax
is then used for exchanges, and the concrete syntax can then be used by tools to preserve formatting and comments,
information that is normally stripped from the abstract syntax. We could just add AST-nodes for comments and
preserve formatting by saving positions within the AST-nodes, but this approach is much more complicated and
nothing is gained compared to just storing the concrete syntax as well.

Figure 5.3 shows the proposed grammar for multi-set expressions. Line 1 defines arc annotations, line 2 defines
initial markings, which can also be expressed using multi sets, and lines 3-8 define multi sets. A multi set is either
a value (representing one token with the given value) or a list of cardinality/value pairs. The definition of a value
is especially worth noticing. At the moment it only specifiesunstructured elements, but it is designed so that future
extensions are easy to make, if e.g. one wants to add types such as integer, strings, or enumerated elements. The
reason that specific types have not been defined yet is that notall types are well-defined.∗ If one wants to define data-
types, one should take a look at how XML Remote Procedure Call(XML-RPC) [96] or XML Schema [8] handles
data-types. Another possibility is to allow more general expressions stored as an AST.

Various tools use different abbreviations. For example, CPN Tools allows specifying the multi set “one token with
value 2” as just2 (as opposed to1‘2) and CPN-AMI allows specifying “one black token” using no arc annotation.
For exchange to be possible, such abbreviations must be standardized or expanded by the tools. We propose that all
abbreviations are removed and that black tokens are not special and must be explicitly declared.

In [95], in addition to the treatment of multi sets, we also give an abstract syntax for declarations (type and variable
definitions), types of places and guards of transitions, butthe general idea is illustrated in the above examples and we
shall therefore not treat these further in this report.

5.2 Fusion Places

In this section, we describe how fusion places can be realized using Modular PNML [54]. To see how other compo-
sitional constructions (hierarchical Coloured Petri netsand synchronous channels) can be described using Modular
PNML, please refer to [95]. The construction used here is notunique to high-level nets and can easily be used to also
introduce advanced composition techniques in other net types, e.g. PT-nets, without breaking compatibility with tools
without the features, thanks to the automatic flattening.

∗What is e.g. an integer,n? In Java it is−2
31 ≤ n < 2

31 and in Standard ML it is−2
30 ≤ n < 2
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1 <annotation>
2 <text>#&amp;*@</text>
3 </annotation>
4

5 <annotation>
6 <multiset>
7 <value cardinality="1">
8 <text>2</text>
9 </value>

10 <value cardinality="3">
11 <text>fac(6)</text>
12 <value>
13 </multiset>
14 </annotation>

Figure 5.2: Representations two different arc annotationsin XML format. At the top, we see a malformed and
therefore un-parsable arc annotation (lines 1-3), and the arc annotation “one token with value 2 and three tokens with
the value computed by thefac function with the parameter 6” (lines 5-14).

1 <Arc Inscription> ::= <Multiset> | <Unstructured>
2 <Initial Marking> ::= <Multiset> | <Unstructured>
3 <Multiset> ::= <Multiset Element>* | <Value>
4 | <Unstructured>
5 <Multiset Element> ::= <Cardinality> <Value>
6 <Value> ::= <Unstructured>
7 <Cardinality> ::= <Non Negative Integer>
8 | <Unstructured>

Figure 5.3: Grammar for initial place markings and arc annotations.

We want a construction that preserves the semantics of fusion places and preserves as much information as possible
about the structure (we could just flatten the entire net and replace the fusion set with a single shared place, but we
would then lose the information about the structure). The intuition of our construction is to construct a page, which
is a kind of module, for each fusion set, containing only a single globally accessible place. We then translate each
participant into a reference to the single global place. Global nodes can be referred to from every module of the net,
nicely modeling how we can think of fusion places: a single real place, and a number of participants referring to it.
All of these concepts are part of Modular PNML. Figure 5.4 shows how this construction would look like for the net
in Fig. 2.4.

This approach has several advantages. When loading a net with fusion places, even in a tool that does not support
fusion sets nor Modular PNML, adding and removal of participants to the group is quite easy. Adding a participant
amounts to just making a reference (to the place representing the fusion set), whereas removal amounts to removing
the reference. This resembles what one would do in a garbage collected programming language: we would just
remove the reference to the fusion set and have the garbage collector remove the fusion set when no other participant
refers to it.

One might think of other ways to model fusion places if we wantto avoid the overhead of a new globally accessible
place. For example we could make one participant canonical by converting it to a real place and have the other
participants refer to it. This introduces a lot of new overhead though. For example, when the canonical place is
removed, we need to make another participant canonical and globally update the references. This also makes removal
of the last participant from a fusion set cumbersome, as we have to detect that no other participants exist. Creating a
new place and having all others refer to it would solve these problems, but would create problems if the page it resides
on is deleted, which brings us back to having to create a special page as described above. This possible but deprecated
construction can be seen in Fig. 5.5.

5.3 Contribution and Future Work

In this chapter, we have motivated the need for a common exchange for CP-nets and pointed out some of the main
difficulties in designing such a format, namely how to exchange complex labels and how to express compositional
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Figure 5.4: How the net in Fig. 2.4 would look like if stored using the proposed Modular PNML construction. The
change is that we have added a new place,Fusion 1, with the name of the previous fusion set, and turned all other
members of the fusion set into references that simply point to the new place. The dashed ovals are not real places, but
merely references that point to a real place. To simplify thedrawing, the realFusion 1 place is placed in the same
figure, even though it should be placed in a seperate module.
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Figure 5.5: How the net in Fig. 2.4 would look like if stored using the deprecated Modular PNML construction. The
change is that we have removed bothDrinkStand places from the fusion set and turned the right-most place into
a reference to the left-most place. The problem with this construction can be seen by imagining that the left-most
DrinkStand place is deleted.

constructs as simple as possible. We have also proposed solutions to the problems.
My contribution is two-fold: Firstly, I have given a concrete example of how to exchange the different kinds of

labels of Petri nets and, secondly, I have presented a translation of one of the most common composition mechanisms
of CP-nets into the existing module concept of PNML, therebydemonstrating the module concept of Modular PNML
is indeed a good starting point for an exchange format.

The idea of using abstract syntax to exchange labels is not mine, but the idea of mixing abstract and concrete
syntax is new. My main contribution regarding labels is a concrete starting point for the standard, which proved to
ignite interesting discussions at the workshop where it waspresented.

My translations from compositional constructions typically used in tools to the format of Modular PNML have at
least two benefits. Firstly, it simply shows that it can be done, which proves the currently standardized way is “good
enough”. Secondly, the constructions used can be used directly in tools, and I have already conducted some work on
that, namely a translation from the native format of CPN Tools to the proposed format as well as a prototypical loader
for TIN-CPN. This is also mentioned in [95].

This work is long-running, and most of the foundations are inplace, so the missing pieces mainly require discus-
sions with people spread around the world, which is a rather slow process. The standard is getting close to a first draft,
meaning only details will change. I expect to continue finishing the rough edges of the current representation, but I do
not expect to use a lot of energy on the subject.



Chapter 6

Conclusion and Future Plans

In this report I have introduced work in three different areas: state-space analysis, visualizing model execution, and
exchange formats for high-level Petri nets.

I have introduced a standard analysis method, the state-space method. I have shown how this can be defined for
CP-nets, and how to construct the state space. I have identified the interface of three data structures used during the
construction, and I have argued that different implementations of these three interfaces can be used to make different
kinds of traversals of the state space, to make different kinds of reductions of the state space, and to analyze entirely
different modeling formalisms. My main contributions in this area are:

• participation in design and implementation of a new method based on the sweep-line method to generate a very
efficient representation of the state space [66],

• implementation of bit-state hashing and Bloom-filtering for CP-nets,

• design and implementation of state-space analysis and a simple logic for bigraphical reactive systems, and

• design and implementation of a graphical user interface to facilitate easy use of the new state-space tool.

I have also introduced an approach to building prototypes using a model and a visualization tool. I have conjectured
that using a model to drive the prototype may improve the finalsoftware product, in part because now a formal model
is actually built, but also because it may be possible to provide higher-level implementation abstractions to the system
developer as the system can be expressed using a modeling language rather than using a standard programming
language. My main contributions in this area are:

• design and implementation of a tool to facilitate model driven prototyping using CP-nets and CPN Tools, and

• participation in an industrial case, where we used the described tool to build a model-based prototype of a
network protocol.

I have described my work on a standard exchange format. I haveidentified two problems with the exchange and
proposed solutions to the problems. My main contributions to the standard for high-level Petri nets are:

• the idea of mixing concrete and abstract syntax to representlabels,

• a number of translations from common composition constructs to a previously defined module concept, leading
to the acceptance of the module concept as the sole composition mechanism for high-level Petri nets,

• a concrete proposal for an exchange format for high-level Petri nets, and

• participation in several standardization meetings, whereI have worked, successfully, for the acceptance of the
two first points.

6.1 Future Plans

The rest of my PhD work will not concentrate on all these threeareas, but mainly on the design, implementation, and
experimentation with the state-space tool and new analysismethods. The work on the animation tool is more or less
complete and the work on standardization is not very time consuming, so at this moment this seems like the natural
road ahead.
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Benchmark the Sweep-Line Method

We would like to compare the sweep-line method with bit-state hashing and hash compaction. For this to be possible,
I need to implement state caching, which should be relatively simple from the current hash table storage, and bring
the current sweep-line method implementation up to date. This is interesting, since the sweep-line method has mainly
been compared to calculating the full state space, which is of course not a fair comparison.

Visit to Aalborg

I plan to use the fall and winter at Kim G. Larsen’s group in Aalborg, where I intend to participate in projects,
development and the like. I will probably work on Timed Automata with UPPAAL [3,87], but currently I do not know
further details.

Define a Modal Logic for Properties of CP-nets

Many formalisms make it possible to specify properties of systems in a formalism-close way. For example (general-
ized) message-sequence chart models can be verified by checking that certain event sequences can or cannot appear.
Mobile ambients [14] can be verified using ambient logic [13].

Currently the only way to check properties of CP-nets in CPN Tools is to write a SML function for checking the
property and then check it yourself or using a rather out-dated CTL implementation, ASK-CTL [15].

If we define a logic to express local properties of CP-nets, wecan in a canonical way, similar to the approach used
in Chapter 3, obtain a logic for specifying safety properties. We can also easily use one of the standard definitions of
a modal logic to obtain a modal logic for CP-nets. If the localproperties and the modal logic is decidable for finite
state spaces, we obtain a decidable logic. To check this we would probably need a checker for the modal logic, such
as CTL or LTL.

It is also conceivable that in doing so, we will be able to provide the user with a more friendly way to enter
properties, for example one could input temporal properties using message-sequence charts.

Partial State Spaces

Due to the fact that state spaces are often infinite or very large, it is interesting to see what can be checked by generating
partial state spaces only, or by only generating coverability graphs [48, p. 146]. It is obvious that we cannot check
safety properties, but we may be able to translate some results of bounded model checking [6] to the field of CP-nets.

Telebit Project

I plan to continue my participation in projects with Ericsson Danmark A/S, Telebit, where at least one of the upcoming
projects will include state-space analysis. I expect that this will give ideas of how to construct a reasonable logic for
CP-nets and also show a need to look at partial state spaces.
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