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Abstract

This progress report outlines the work conducted on part AypPhD study at the Department of Computer Science, Uniyersi
of Aarhus.

During Part A of my PhD study, | have conducted work in threzaarrelated to modeling of computer systems. Firstly, | have
participated in the design and implementation of a stateepool, which is intended to be easy to extend. As a parigfithave
participated in developing and testing a concrete way taake space analysis.

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

The third area | have worked on is within the standardizatiomn exchange format for Petri nets, where | have partiegbat
a number of discussions at standardization meetings, ade maoncrete proposal for an exchange format.

The report provides directions for future work during pawhe PhD study.
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Chapter 1

Introduction

One major problem programmers face when writing softwaéhaw to deal with concurrency. Sequential parts
of a program are in principle fairly easy to get right usingtinoels such as testing [2], hoare-logic [36] and even
automatic or semi-automatic proofs of correctness [3Q, Z6hcurrent systems, however, present a large number of
new problems, since the number of possible interleavingmas of the program make manual testing infeasible, in
part because of the amount of interleavings and in part lsecacenarios may be dif cult to reproduce. In order to
overcome these problems, one may not test the system tiséH, formal model of the system.

During part A of my PhD study, | have conducted work in threeaarrelated to modeling of computer systems.
First, a brief overview of the work conducted in each of thre¢hareas is provided.

Towards a New State-space Tool. The idea of the state-space method is to generate a graplsyeithm state as
nodes and transitions from one state to another as edges.giidph can be used for analysis. The problem of this
method is the state-explosion problem, i.e. that the gragpime very large or even in nite. The problem with many
previous tools that support state-space analysis is thgtate not written in a modular way. During my PhD study,
| have participated in the design and implementation of a t®@ho support state-space analysis. The new tool that
has been designed and in part implemented de nes threddnesr for different parts of a state-space tool, making
experimentation with new methods to alleviate the stafdesston problem easier.

| have participated in the development of a particular réidadechnique, where the idea is to exploit progress of
modeled systems to create a near-optimal representatitve giraph. This work has been published at TACAS 2004
as [66].

Model-based Prototyping and Animation. Communicating formal models to software developers andstrél
partners is often dif cult. Therefore a graphical represgion that is easier to understand is often created. | have
designed and implemented a tool, TIN-CPN [94] to suppos. thiN-CPN is based on a simple plug-in architecture
making it easy to extend. TIN-CPN has been used in an indiisise with Ericsson Danmark A/S, Telebit, where we
developed a model-based prototype of a network protoca.r&bult has been shown to project leaders and partners
from the Danish, Swedish and English military, all of whicidHittle 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 repositstgrafard benchmark models or one can design tools that
only focus on construction of models and leave veri catiomther toold. The exchange is made dif cult, as different
tools use different languages to describe otherwise equilapts, e.g. declaration of variables. Also, Coloured Pet
nets support various composition mechanisms, but difféoats may not support the same composition mechanisms.

| have made a concrete proposal for an exchange format faudad Petri nets. The format uses a mixture
of abstract and concrete syntax in order to allow exchangeden different tools while still being easy to extend
and usable in practice. The proposal also provides traostabf various translations from common composition
mechanisms to a simple module concept described in [54]. idygsal 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. &,bsie y describe the parts of the concrete modeling
language, Coloured Petri nets (CP-nets or CPN) needed &rstadd the rest of the report. This chapter is provided
for background information and to introduce an examplet il be used throughout the report. In Chap. 3, we
describe a particular approach to analysis of models, nathel state-space method. We describe the design of a
tool to support this kind of analysis and how this design reentimplemented and used to test a method to overcome
some of the problems with the state-space method. We describw, very memory-ef cientway to represent a state-
space. In Chap. 4, we describe a tool that supports develmphemodel-based software prototypes and animations,



and describe how this was used in an industrial case-stublyiliha prototype of a network protocol. In Chap. 5, we
brie y sum up the problems of exchanging Petri nets, andgareparts of our concrete proposal. Finally, in Chap. 6,
we draw our conclusions and sum up the intended future éreof work. No special knowledge is required to read
this report, but some knwoledge of simple formalisms sudalasled transition systems is an advantage.



Chapter 2

A Formal Modeling Language: Coloured Petri Nets

In this chapter, we will brie y introduce the modeling foritiem of Coloured Petri nets (CP-nets or CPN) [48-50,57].
This chapter is provided mainly to introduce the formalifmsjon 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 wedl-known formalism of labeled transition systems,
which are deterministic nite automata with no accept orentjstates. In their original form, Petri nets [74] can
be viewed as a generalization of labeled transition sys{&mS). An LTS is basically a number of states, usually
depicted as circles, optionally with a name, and a numbebs$ible transitions between the states, usually depicted
as labeled edges between the circles. The system can becifyexae state at a time. We will depict this by adding
a black dot, a token, to the current state. A simple examp&ndfTS can be seen in Fig. 2.1. This simply models a
runner in a race. First, the runnsfarts a race. He can thenn to aDrinkStand, where he cadrink as much water

as he desires, and then run to theal.

2.1.1 Place-Transition Petri Nets

The example in Fig. 2.1 has some shortcomings and we shadl sglve these. Firstly, the model allow the runner to
to drink an arbitrary amount of water. We would like to modlttthere is only be a nite number of glasses available.
Second, the model only allows one runner in the race, and wigd/ie to allow more runners to enter the race. Itis
possible to model this using LTS, but place-transitionifetts (PT-net) [24] allow us to do this in an easier way.

The rst generalization we will make is that we make it po$sito be in more than one state at a time, for example
to make a clearer model of the fact that one runner is abttrekStand whereas another runner is at tBert of the
race. We will draw this by allowing a token in any number otesta 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 tltan @y. both runners can be at tienkStand at the
same time. We do this by allowing more than one token or byjuiing 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 thaa twken from a place at a time for a transition to
occur. For example a runner must be at BirinkStand and a drink must be available for a runner to drink. We do
this by changing transitions from normal directed edgedrected hyper-edges [67], i.e. edges that can go between
more than two nodes. We thus have a set of source states airthtlen states rather than just one of each. We also
rename states to places. To make drawings easier to read]lwesuwally draw a line or rectangle for each transitions
and draw edges from each source place to the rectangle ancedges from the rectangle to each of the destination
places. We shall then refer to the rectangle or line as tmsitian, and the edges between the transition and places
as arcs. We also allow transitions to require or produce rttaae one token. This is done by writing the number

Start DrinkStand Goal
run run

drink

Figure 2.1: A simple Labeled Transition System modelingrangr at a race.



of tokens required from each source place next to the arc fhenplace to transition. We call this number the arc
annotation. We do the same for destination places. An ingatonodel of the race example is seen in Fig. 2.2. We
have introduced exactly the two improvements mentionechaveallow 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 soulaeehas the required number of tokens, and when a
transition occurs the speci ed number of tokens is removenhfthe source places and the speci ed 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 twolprob. Firstly, event though we have introduced two
runners, we are not able to see who wins the race, as the tweruare identical. Secondly, one runner is able to
drink both glasses of water, leaving the other runner thirst

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

In order to distinguish the runners, but still allow the mied¢o specify their behavior uniformly we allow vari-
ables on arcs. Variables do not behave like variables ingata@l or object-oriented languages, but more like formal
parameters to a function in a functional programming lagguaneaning that variables are local to a single transition,
so the value of a variable is forgotten after a transitiond@surred. 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 motionaof the PT-net in Fig. 2.2. We have changed
the runners, so they are no longer identical, but nartBdandr(2). Also, we have introduced a ag, which is up at
the start of the race, and taken down when the rst runnergsas® nish line. This is used to keep track of the rst
runner to cross the nish line.

As we can now distinguish runners, it makes sense to int®dugner-speci ¢ information. We allow arbitrary
types of information to be used as tokens. For example, th&sgb with the drinks have two pieces of information
associated with them, namely the name of the runner who & tabtirink it, and information whether the glass
is full or empty. We declare types of places, i.e. what kinflso&ens the place can contain, using an annotation
near the place. The declarations of the tyReNNER = fr(1);r(2)g, GLASS = RUNNER f full;emptyg,
andFLAG = fup;downg and the variablex : RUNNER are not shown in Fig. 2.3 to keep the gure simple. We
will furthermore allow arbitrary functions as arc annata to manipulate the data contained in the tokens. In the
example, the arc from thdrink transition to theDrinks place will empty the glass.

Itis no longer enough to talk about a transition occurrirsgadransition's effects depend on which runner we are
treating. Rather we introduce the concept of a binding etgnvehich is a transition and an assignment of values to
each of its variables. In order to test whether a binding elaris enabled, we replace all variables with their assigned
value and evaluate the expressions on the arcs. When weim#hriner evaluate the variables, the arc annotation will
evaluate to a multi-set of typed tokens. In the same way dsRiitnets, we say that a binding element is enabled and
can occur if there are “enough” tokens of each kind on all seyplaces. Occurrence will simply lead to a marking
where the speci ed number of tokens of each kind are remoxad the source place and new tokens are produced
on the destination places.

Drinks

Figure 2.2: A place-transition Petri net. This is an extehdersion of the system in Fig. 2.1, as we have limited the
total number oDrinks to two, and we have introduced an extra runner.



Figure 2.3: A Coloured Petri net. We have changed the runserthey are no longer identical, and a runner can only
take a glass with his name on it and empty it. When a runneeketheDrinkStand, depending on whether he is rst
or second, he will eithewin or lose the race.

2.2.1 Formal De nition of CP-nets

Let us give a formal de nition of CP-nets. The de nition iswsilar to the one given in [45, Def. 5.1]. We shall not go
into the details, but just mention that the de nitions areigglent, and we will think of CP-nets as described in the
previous section when modeling and the following de nitiwhen making formal statements.

We will assume that the relatiors =, ,>,and , and operations and , on multi-sets are de ned as usual.

De nition 1 (Coloured Petri net) A Coloured Petri neis a tuple,CPN =( ;P;T;C;l ;l+;M;), where

6 ; is a nite set of non-emptiypesof tokens,
P 6 ; is a nite set ofplacessuchthat \ P = ;,
T 6 ; is a nite set oftransitionssuchthat \ T =; andP\ T = ;,
C:P[T! is atype functionassigning a type to each place and transition,

8p2P8t2T: (p;t);l+(p;t): C(t) ! NCP are the backward and forward incidence functions, assignin
to each arc an arc annotation, and

8p2 P:M, (p) 2 N¢(P s theinitial marking
The state of a CP-net is given byrarkingof the places, which is a function over all plac@p,2 P:M (p) 2 NC(P),

De nition 2 (Binding Element) A binding elementfor a CP-netCP N, is a pair(t; b), where

t 2 T is a transition and
b2 C(t) is thebinding

We call the set of all binding elemeB& = f(t;b)jt 2 T~ b2 C(t)g.

De nition 3 A binding elemen{(; b) 2 BE, is enabledn markingM if8p2 P:M(p) | (p;t)(b). A transitionis
enabled if there exists2 C(t) such tha(t; b) is enabled. I{t; b) is enabled irM , it canoccurand leads to a marking
M © This is writtenM [(t; b)i M © whereM %is de ned by8p2 P:-Mqp) = (M (p) | (p;t)(b)+ I+ (p;t)(b).

We will use the notatioM [ i M%for = (t1;by)(t2; ) :::(th; ) to meandM; fori =1;:::;n+1,n O,

such thatM = My, 8i = 1;:::;n:M; [(ti;B)i Mij+1, andM® = M. . We will also writeM [i M °to mean
9:M [ iM% We say that a markintyl °is reachablefrom another markingvl if M [i M%and we letMi =

fMO M [i M % denote the set of markings reachable frighn When we talk about the set afachable markingef
a CP-net, we mean the set of markings reachable from thaliniirking, i.e.[M, i.

We can furthermore allow a number of extra convenience$, asitransition guard expressions, which can control
in greater detail whether a binding element is enabled, &mmdular kind of CP-nets, called Hierarchical Coloured
Petri nets, and a version of CP-nets where tokens can caimyeatamp and transitions occurences can take time,
called Timed Coloured Petri nets. For a description and &semantics of these concepts, please refer to [48].

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



of representations of composition mechanisms in an ex@héognat for Petri nets (Chap. 5). These extensions
basically allow us to draw “shadows” of places and transgim multiple locations, in part to improve the readability

of models, but more importantly to allow different modulecommunicate with each other. The formal semantics of
these two extensions shall not be given here. We will onl tloait the formal semantics of the two extensions can be
de ned by a translation to CP-nets as de ned in Def. 1, so falflypwe do not need to treat the extensions seperately.

2.2.2 Fusion Places

Suppose we have a large CPN model. It may be dif cult to dragvatcs such that the ow of the model is evident.
In order to overcome this problem, the model can be splittid Bmaller modules, which can communicate using
fusion places. Fusion places are basically multiple plabasing the same tokens. We can think of fusion places as
an asynchronous (unordered) communication channel. Wheadoken is added to one place in the fusion set, it is
added (sent) to all the others in the same fusion set, andaviea token is removed from one place, it is removed
from all places in the fusion set. For this reason the platsssshare the initial token distribution, and must have the
same type. We can obtain the model in Fig. 2.4 from the examay. 2.3. We basically make a module containing
the exact implementation of what happens when a runner wardsnk water at theDrinkStand. The model is
functionally equivalent to the model in Fig. 2.3. The onlyadie is that we now have two places calBihkStand.
Both of these places are members of the fusiorFaston 1, as indicated by the small box with the text “Fusion 1”.
Whenever the token representing a runner appears in themgstDrinkStand place, the same token also appears
on the left-mosDrinkStand place.

We can remove a fusion set from our model and preserve thevioein®f the model by just creating a new place
with the correct type and initial tokens. We then move alsattached to a member of the fusion set to the new place,
keeping the direction and arc annotation. We then removmathbers of the fusion set, and have thus removed the
fusion set. A more formal description of this procedure caridund in [48, Chap. 3]. This procedure applied for the
example in Fig. 2.4 would lead to the model in Fig. 2.3.

Figure 2.4: A CP-net with fusion places. We thus modulariaét happens when a runner drinks water at the
DrinkStand, but the model is functionally equivalent to the model in.FA@.

2.2.3 Synchronous Channels

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

Synchronous channels are well-known from, for example, tHalculus [70], where one process can send data,
synchronously to another process. This is very similar ¥okimg a method or procedure in a normal programming
language. The caller “sends” some data (the parametetsg t@teiver (the method/procedure), which can then refer
to the received data using its own local name (the formalrpatars). Only when the receiver has received the data
(the procedure or method returns), can the sender procekdtsvbown calculations.

In CP-nets, synchronous channels are realized much lilee ffilesion sets, i.e. we have multiple representations
of one real transition. We split the transitions participgtin a channel into senders and receivers. Each time a
sender transition occurs, a receiver transition for theesahannel must also occur. In the example in Fig. 2.5, we
have one channelh, with two participants, the two transitions nameidnk. To the left of the transitions, we see
the channel inscription, with a channel nancé)(followed by either.? for a receiver transition of for a sender
transition. After that is a channel expression, which we thamk of as the data being transferred from the sender to
the receiver. Informally, the semantics of channels is tbaeach sender-receiver pair, we create a new transition
containing all arcs from the sender and receiver. We funtioee create a condition that the channel expressions of



the two transitions evaluate to the same. The details ofdhseteuction is provided in [16], where also a more general
bi-directional channel is considered.

g oogiee

Figure 2.5: A CP-net using synchronous channels. This misdabko functionally equivalent to the model in Fig.
2.3. The change is that we have made two copies oflithik transition. The two transitions can only occur if they
are both enabled and thkxeon both transition is bound to the same value. Thus, we hawdulanzed what exactly
happens when a runner wantstiank water.



Chapter 3

Towards a New State-space Tool

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

The idea of the state-space method is that we constructasttdenceptually, a directed graph, where each node
represents a state of the system, and each arc represemtenafeading from the source state to the destination state.
For CP-nets, we use the reachable markings of the modeltas siiad binding elements as the events.

The major problem of this method is that the state space ceonte very large, often even in nite. To alleviate
this problem, various reduction techniques have beendatred, each of which alleviates the state explosion problem
for classes of CP-nets in particular or modeling formaligmgeneral. In Sect. 3.3 and [66] we describe a particular
reduction technique, which provides a very compact repitasien of the state space for systems with a notion of
progress. | has participated in developing and testingntigithod.

My contribution to this area consists of several thingssthir | have made several contributions to the design
and implementation of a new state-space tool that makesyt tsaimplement and experiment with new reduction
techniques. As part of this | have implemented a couple of-lwedwn reduction techniques (bit-state hashing [37,
40] and the more general Bloom- Iters [9, 27]) and implemezhstate-space analysis for CCS [68] and Bigraphical
Reactive Systems [51, 69]. | have also implemented a usexféwe for doing state-space analysis, which makes it
trivial to do simple analysis and easy to do more complextarnized analysis. Finally, | have participated in the
design and test of a particular reduction technique, dooteden [66]. Most of the work presented here, is part of
the TIN-CPN state-space tool for CP-nets and BigraphicachRee Systems.

3.1 The State space of a CP-net

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

De nition 4 (Kripke structure) A Kripke structurds a tuple,K = ( S;L; ;AP; ;S ), where

S 6 ; is a set ofstates
L 6 ; is a set oflabels
S L Sis arelation indicatingsuccessor statd# we are in states, we can take arma-step tos? iff
(sia;sh) 2 ),
AP is a set ofatomic propositions

:S!1 AP If> ;7?9 is atruth assignment assigning for each state a truth vaduesich atomic proposition,
and

S, 2 Sis theinitial state
We say that a Kripke structure isite iff its set of states is nite. Otherwise is is in nite.

De nition 5 (State space) Given a CP-netCPN =( ;P;T;C;l ;l.;M;), we de ne thestate spacef CPN as
a Kripke structureSS = ( S;L; ;AP; ;S ), where



S =[M,i the states 0§S are all reachable states @PN,

L =f(t;b)jOM;M °2 [M,i:M [(t;b)i M Yis the set of all binding elements used to move from one rédeha
state to another,

= f(M; (t;b);M9YjOM; M %2 [M,i;(t;b) 2 BE:M [(t; b)i M %, successor states are as dictated by the CP-
net,

AP = f' j' :SIf> ;?gg are all locally decidable properties,
8s2 S8 2 AP: (s)(') =" (s)evaluates all propositions &P , and
S| = M, theinitial state of the CP-net is the initial state of thetstapace.

The de nitions of S and are straightforward and as one would expect. Examples afliodecidable properties are
“the state contains no successors”, “the transitimenabled”, or “the placg contains exactly one token with the
valuel?".

The reason for de ning the state space as a Kripke structutteait several interesting modal logics are naturally
de ned in terms of Kripke structures, and we then get sevaeatitions and results for free. As an example, let us
give a semantics for safety properties that is local prageimtended to hold in all reachable states. We may think of

a safety property as an inveriant. First we give the usuahiien of propositional logic:
De nition 6 (Propositional Logic) LetAP = fp;q;r;:::gbe a set ofatomic propertiesDe ne

m=pjstjto!

and call the set of all such formuldeL.
We shall of course allow the usual abbreviations,

n ¢ _r o ),and
"% ¢cro)rer ).

Now let us de ne the standard model for propositional foramul

De nition 7 Given a function : AP ! f> ;?g, we then de ne aruth assignmenfor all formulae ofPL,
PL!f> ;7?9

(p):=((p)
L2 it ()=>
g )'"(> it (()=72?
C1)i= ? if (")=>and ()=7
o otherwise

If (") = > we say that is amodelof' and write fFp_ '. We shall say that a Kripke structur& =
(S;L; ;AP; ;S |),isamodel of aformula iff 8s2 S: (s) FpL ' and we writeK j=p| '

In other words, a Kripke structure is a model of a safety priyd# the property holds in every state.
Now let us de ne the problem of checking whether a Kripke stowe is a model of a given formula:

De nition 8 (Model-checking Problem) Given a logicL with a semanticsy |, expressed using Kripke structures,
aformula' ofL, and a Kripke structur&, we de ne thanodel-checking problel CP_ to be

MCP_(K;") Kj=_" 3.1)

If the logic L is clear from the context, we shall also use the abbreviatoj ' rather tharK j=_ ' andMCP
rather tharM CP . We note that whil&k j=p. ' means that the property must hold in all states df, we will
normally use a modal logic, such as LTL or CTL, which expraspprties regarding the entire state space.

3.2 Constructing the State space

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



It is well known that if a Kripke structure is nite, the modehecking problem is decidable (and even tractable)
for several expressive logics, e.B.L from the previous section, and LTL and CTL. It is thereforeirsting to be
able to construct the state space of a CP-net.

For the remainder of this chapter, we will assume that we mamde suf cient restrictions on CP-nets such
that we can always calculate all enabled binding elememta fgiven marking. We can, e.g., do this by requiring
tpat8t 2 T;jC(t)j < 1 (exhaustive search dd(t) for allt 2 T) or requiring that we can calculate * (calculate

p2p | (M (p)) and do exhaustive search). We of course assume tifpt t) andl . (p; t) are computable functions
forallp2 P andallt 2 T as well.

If we just want to construct the state space, we can use AlgorB.1. It is easy to see that Algorithm 3.1 will
terminate if[M, i is nite. We notice that we do not need to store the succesdation and the truth assignment

as we can, for a given staké, just calculate all enabled binding elements and all sismrefM , and gain local
knowledge about or evaluate all formulae AP to obtain local knowledge of. Thus, in practice, we will rarely
store nor , and we can remove lines 3, 14 and 18 from the algorithm. Asavead store , we have little use for
the labels], so we can also remove lines 2 and 13, and &snot stored, we do not need to calculafe as well,
and remove line 17.

Having removed, , L, andAP, we observe that Algorithm 3.1 uses two data structures,fonthe setS
and one for the sdat), and a single function call, to get all successors of a gitates We will assume three data
structuresStorage, Unprocessed, andFormalism, which support the operations of Figures 3.1, 3.2, and 3h& T
data structures are written in the style of Standard ML (SI86J, as we shall use SML as implementation language
for our state-space exploration tool.

The new state-space tool consists of implementations dsthege, Unprocessed, andFormalism interfaces
along with an implementation of the traversal algorithngdtithm 3.2. The interfaces and algorithms presented here
are slight simpli cations only showing the gist of the impientations; the real implementations contain more hooks
to e.g. pro le the state-space exploration etc.

3.2.1 Different traversal algorithms

Many analysis methods can be implemented more ef cientittes y rather then by rst executing Algorithm 3.2

to generate the Kripke structure and then executing a quesy.examples we can easily check safety properties
(that nothing bad happens in any state) by simply adding akcfor the safety property after line 6 in Algorithm
3.2 to obtain Algorithm 3.3. LTL can be checked on-the- yniginested depth- rst traversal [38] and CTL can be
checked by storing satis ed sub-expressions [19, Sec}. #.\kie obey the interfaces @torage, Unprocessed, and

Require: Coloured PetrineCPN =( ;P;T;C;l ;1+;M))
Ensure: State space dEPN,SS=(S;L; ;AP; ;S |)
1. S:=1fMg

L= -

- U:=1fMg
- whileU 6 ; do
selectM 2 U
U:=UnfMg
for all M t; b such thaM [(t; b)i M °do
if M%2 S then
S:=S[f MY
U:=U[f MY
end if
L:=L[f (tbg
= [f (M;(t;b);MOg
end for
: end while
CAP = f' ' i SIf> ;7?99
18: (s)("):= "' (s)foralls2 Sand' 2 AP
19: return (S;L; ;AP; ;M )

©CeNOa R WD

e R o
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Algorithm 3.1: Basic state-space algorithm. The algorithasically maintains two setsl, the set of unprocessed
states, ané, the set of already seen states. Initially we have proceassetiates and still have to process the initial
state. In the loop we pick an unprocessed state, calculadaalessor states and add any state we have not yet seen
to the set of states we have already seen and not yet processed
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signature STORAGE = sig
type storage
type element
val empty_storage: storage

val insert: element * storage -> storage
val contains: element * storage -> bool
end

Figure 3.1: Signature for th&torage data structure. It contains two type de nitions, one for #wtual storage and
one for the elements stored. It contains one constant vaiumelyempty storage, which returns an empty storage,
and two functionsijnsert andcontains, for inserting an element into a storage and testing whethezlement is
already contained in the storage.

signature UNPROCESSED = sig

type unprocessed

type element

val empty_unprocessed: unprocessed

val is_empty: unprocessed -> bool

val add: element * unprocessed -> unprocessed

val pick: unprocessed -> element * unprocessed
end

Figure 3.2: Signature for thdnprocessed data structure. Like thBtorage it contains type de nitions for a storage
for unprocessed nodesiement, and a constant value for the empty unprocessed storagaelafastructure contains
three functionsis_empty, which checks whether an unprocessed storage is eagidywhich adds an element to an
unprocessed storage, and nafhjck, which picks and removes an element from an unprocesseafstand returns

the element and an unprocessed storage without the element.

signature FORMALISM = sig

type state

type event

val initital_state: state

val get_next: state -> (event * state) list
end

Figure 3.3: Signature for theormalism data structure. It contains two type de nitions, one for tate, and one
for theevents leading from one state to another. For CP-nets the evemtsiraing elements. It contains a constant
value for thenitial_state of the system, and a functioget_next, to get the successors of a given state.

Require: Coloured PetrineCPN =( ;P;T;C;l ;1+;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. forall ((t;b); M9 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 withzalculation of , , L andAP . The algorithm uses the
data structures of Figs. 3.1, 3.2 and 3.3.



Formalism, it is not dif cult to implement such new algorithms, as thefien rely on similar primitives. Currently
only one implementation of such a traversal exists, namebrsion of Algorithm 3.3.

3.2.2 The old state-space tool implementation

CPN Tools [23, 79] is a computer tool for editing and simulgtCP-nets, and it contains a state-space tool with an
implementation of Algorithm 3.1 (it stores the successéatien but not the labeld,, the truth assignment,, nor
the atomic formulaeAP ).

Unfortunately, the implementation is not as clean as delsraThe main problem is that the clean separation
between the data structur&prage, Unprocessed, andFormalism as identi ed in Algorithm 3.2 is not used in the
implementation. Rather, the three data structures ardditiypart of the environment.

This makes it dif cult to implement new versions of the var®data structures and have them immediately avail-
able in any other traversal algorithm we may have writtent é@mple, an old implementation of on-the-y LTL
checking exists for CPN Tools, but as the tree-based stasesgetied to the traversal algorithms, it is very dif cult to
swap it out and use a more appropriate storage, such as ok dra8loom- ltering.

Itis also dif cult to make any pro ling of state-space toai CPN Tools, as we cannot easily wrap Sierage,
Unprocessed or Formalism with a version tracking how much time is spent on the variquesrations. This is easy
with the cleaner interfaces.

Another, more technical problem is that much of 8terage code is automatically generated and heavily depen-
dent on the CPN model we want to analyze in CPN Tools. As the-stgace tool is coded to the implementation
and not to an interface, the entire state-space tool becdapEndent on the model and cannot be pre-compiled. It is
possible to automatically load the state-space tool whenneeded (and TIN-CPN actually has an implementation
of this), but as we have to compile more or less the entire-space tool every time, this is very time consuming.
This is of course annoying, as CPN Tools supports increrhehtking and compiling of CPN models, much like
Eclipse [28] does for Java code. Forcing the user to exlylieitter 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 structues

Currently CPN Tools uses a quite ef cient tree for the impéartation ofStorage, but if we decide to store states on
a hard-disk instead [82], the tree may not be the most eftoreay. Also, if we only want to check safety properties
using Algorithm 3.3 we do not actually use the values store8,ias long as we store enough information to keep
track of whether we have seen a state before, so we may makepégmentation that mainly supports tbentains
operation, but does not make it possible to actually getldraents of the storage. One way to do this is to implement
a storage using bit-state hashing or the more general Bltters: Currently theStorage interface is implemented
for a storage using the tree as in CPN Tools, a standard hbkh tit-state hashing, and Bloom- Itering, the two
latter implemented by me.

Require: Coloured PetrinetCPN =( ;P;T;C;l ;l.;M,), safety property,

Ensure: Whether8M 2 [Mi:' (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. forall ((t;b); M9 in formalism.get_next(M ) do
6: if : storage.contains(M % S) then
7: if :* (M9 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.hi$ is a simple extension of Algorithm 3.2 to check
MCPp . We use Algorithm 3.2 to traverse the entire state spaceiarmyscheck the safety property for each new
state (in lines 7-9).



We note that theick operation of théJnprocessed does not specify which element to pick. For example, if we
have implemented Algorithm 3.3, we may be interested in ear érace to the state not satisfyihg Often we would
like this error-trace to be as short as possible. One waydoraplish this is to search the state space using a breadth-
rst traversal. Itis easy to convince oneself that if we implent theJnprocessed interface as a simple FIFO-queue,
we will traverse the state space in a breadth- rst mannehe©algorithms, such as the nested depth- rst traversal
used to check LTL on-the- y, will instead use a depth- rsawersal, which can be accomplished by implementing the
Unprocessed interface as a LIFO-stack. The sweep-line method [18, 583 asspecial traversal policy that bene ts
from a priority queue, as is brie y explained in Sect. 3.3l #ithe mentioned implementations of thimprocessed
interface currently exist.

Finally, one can also easily imagine other formalisms imp@#ating theFormalism interface, thereby making a
state-space tool that is not tied to a speci ¢ modeling lagg In fact, th&ormalism interface has been implemented
for CP-nets in CPN Tools, simple CCS-processes and BigcapReactive Systems, the two latter by me.

3.2.4 Experimenting with reduction techniques

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

The new design, where we have de ned Brage, Unprocessed, andFormalism interfaces and Algorithm
3.3 has made experimenting much easier, one particular@gasthe example that will be presented in Sect. 3.3.

As a lot of Storages, three differennprocessed implementations, and two interestifgrmalisms have al-
ready been implemented, the user is forced to make a lot a€etdust to generate and analyze a state space. To
circumvent this problem, a wizard has been developed, winigkes the decisions for the user for simple tasks such
as drawing the state space, generating an informativeatdmeport or making simple queries. The wizard is my idea
and designed and implemented by me.

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

Generate State-space ﬂ
Select what to do

a— A What waould vou like to do?
{* Draw the state-space

= Generate standard report
* = Check LTL Farmula

* ‘ = Check safety-property

(" menerate kripke-structure

= Cuskomize generation
: [~ Advanced

To continue, click "Mext",

<<« Back | Mext »> ¢ Cancel |

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



The user may also want to change some of prede ned decisiogsthe safety property checker will currently
use Bloom- Itering for storage, but if the user wants to b@®%®sure the desired property holds (Bloom- Itering may
report no error even if there is an error, and is often usechtberrors rather than proving there are none), he may
want to use a simple hash table or the tree structure, pedvapsa future disk-based storage if he suspects the state
space is large. If the “Advanced” box is checked, the usellagsvad to check and change all decisions made by the
wizard.

At the end of the wizard, the user is also shown the code tHhbwexecuted to generate the state space and do
the desired analysis, so he is able to change the code to $ire.d&his has been used extensively during test and
implementation of various instances of the three inteace

3.3 Efcient State Representations

As an example of experimenting with the cleaner interfatess brie y sum up the results of a concrete experi-
ment with a very ef cient representation of the state spac€m®-nets (or any modeling language implementing the
Formalism signature).

The problem we address is that we want to store the entire spaice explicitly, but we want to use as little space
as possible. Often a state space tool will use a quite naiyetavatore states, e.g. a pdir; m) may be stored as
two integers. This is done in order to be able to decode anddenealues, while at the same time general enough to
handle all systems. ;m 2 f 0;1; 2; 3; 49, we will use at leasPdlog5e = 3+ 3 = 6 bits to store a pain; m).

A better way is to enumerate all possible syntactical statesuse only enough bits to distinguish between them,
dog(5 5)e =5 bits. The optimal solution is to enumerate the reachable statlgsfor example we may know that
n;m 2 f0;1;2;3;4g andjn mj < 2 for all reachable pairén; m), so only 13 states are reachable. We could
then store each state using ompg 132 = 4 bits. The caveat is that most of the time we only know the number
of reachable state® = j[M,ij, when we have generated the state space, so we do notdtag®e either, and
therefore we do not know how many bits are required to stoch state. This is the problem we address in [66].
Here, we shall only give the intuition of the algorithm usedteate a very ef cient representation of the state space.

Let us reconsider the example from Fig. 2.3 on page 5. Forlgitypwe will remove the ability to drink water.

If we do this, the resulting model will have a state space libaits like Fig. 3.5. In Fig. 3.5, we use the notation
(m1; my; b) for each state whem®; is the position of runnen(i) whereStart= 0, DrinkStand= 1, Winner= 2, and
Loser= 3. bindicates whether the ag isp or down.

When we look at Fig. 3.5, we notice several things. Firstly,aan make calculations, like above, of the number
of bits required to store each state using the naive repiasam namelydiog 4ebits for each runner antibit for the
state of the ag, for a total 05 bits, and noticing that only 10 states are actually reachablensodiog 10e = 4 bits
are actually needed.

If we take a close look at Algorithm 3.3, we notice ti&ais only used to ensure termination in the case where we
have cycles in the graph and to prevent re-exploring stateady visited (if a state is already 8, we will not add it
to U, and therefore not re-explore it). If we draw a horizontaglin Fig. 3.5, it will separate all the reachable states
into two sets, and all arrows will be directed from the lowetrte the upper, and never backwards, as all arrows in the
gure point upwards. Thus if we have already visited all efin the lower set, we can safely remove all the states
below the line fronts; as no arrow points back to the set, we will never be in the edmre we should have answered
yes toM 2 S in the if statement, but falsely answer no.

The sweep-line [18,59] method de nes a simple way to creath s line. We de ne a so-callgutogress measure
to be a functiod : [M,;i! N (in general the domain is just a partially ordered set) Batig M [(t; b)i M° =)

(M) ' (M9. Using contraposition, we obtaifM 9 <' (M) =) : MPO[(t;b)i M, meaning no arrows will go
from a state with a higher progress measure to a state witlvex lprogress measure. This also means that all states
in a cycle must have the same progress measure. In the weestatbstates must have the same progress measure. In
our example we can usgmsy;my;b) = my + mo.

We can then use a priority queue for ddmprocessed and usé (M) as the priority oM . Whenever we obtain
a strict increase of (M) after thepick in line 4 in Algorithm 3.3, we remove all elements®fwith a lower priority.

We can directly use this algorithm to check safety propgrtet we aim at checking more advanced properties, such
asLTL or CTL.

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

Our condensed representation is simply a neighbor lisesgmtation of a graph, where we only store nodes we
have arrows to in our neighbor list. Table 3.1 shows a neiglibbrepresentation of the graph in Fig. 3.5. The
rst number in the parentheses indicates the number of sstrs, the second number will be explained shortly, and
the numbers after the # indicate the successors. It is ndgrotp enumerate states on-the-y in our state-space
algorithm, but the problem is that we do not know how many aitsneeded to store all the numbers. This is solved
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Figure 3.5: The state space of the net from Fig. 2.3 withditiek transition andDrinks place removed. We use the
notation(mq; mo; b) for each state when; is the position of the runners, abdndicates the state of the ag. This
gure is generated and automatically drawn using TIN-CPN #me prototypical user interface for the state space
tool.

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

We combine this with the sweep-line method, so we do not stame than needed &, and thereby reduce the
amount of memory needed to construct the condensed repatisanA simpli ed version of the algorithm presented
in [66, Fig. 3] is presented as Algorithm 3.4. The algoritlnaisimple extension of Algorithm 3.2. The rst change
is that we use a priority queue fanprocessed, and we garbage collect all states with lower progress nmegkoe
8), thus implementing the sweep-line method. Second, we tteenumerate all states. This is done by lines 3, 4, 11,
and 12. In line 16 we calculate the number of the successbrthit largest number, and in 17 and 18 we construct
the header respectively the body of the neighbor list.

As presented here, the progress measure musidmtonei.e. always satisiiM [(t;b)i M° =) ' (M)

' (M 9. The algorithm presented in [65, 66] works even if this isa@lotays the case, by using the results from [59] at
the cost of running time.

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

state# neighborlist state# neighbor list

0 (2;2#1;2 5  (L3)#7
1 (2;3)#3;4 6  (1;4)48
2 (2;3)#4:5 7 (L4)#9
3 (1;3)#6 g "
4 (2:3)#6:7 9 "

Table 3.1: Condensed representation of the state spacg.i8.bi The construction algorithm has enumerated the
elements from right to the left in each sweep. For each nodstare the number of successors, then the number of
bits used for each successor and nally the successorsesS8aand 9 have no successors, so we create no neighbor
list for them.



Require: Coloured PetrinelCPN =( ;P;T;C;l ;l.;M;), progress-measure,: [M;i! 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(M;):=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:=SnfM%2Sj'(MY<' (M)g

9. forall ((t;b);M9in X do

10: if : storage.contains(M % S) then
11: idx(M9 := n

12: n:=n+1

13: S := storage.insert(M % S)

14: U := unprocessed.insert(M % U)
15: end if

16 m := maxfidx(M9j((t;b);M9 2 X g

17: E[idx (M )]:header := (jX j; dogme)

18: E[idx (M )]:data := idx (M 9 for each((t;b);M 9 2 X
19: end for

20: end while

21: return E

Algorithm 3.4: A sweep-line method for obtaining a condehgeaph representation. This is a simpli ed version of
Fig. 3 in [66].

the prototype to models with less tha# states, which is no serious limitation.

The rst example we consider is a database replication pat@!8, Sect. 1.3]. The protocol describes the com-
munication between a set of database managers for mamgainnsistent copies of a distributed database. When a
database manager updates its local copy of the databasmgddasts an update request to all other database managers
which then perform the update on their local copies, and they acknowledge that the update has been performed.
The progress measure for the protocol is based on the comiraif the database managers and on an ordering of the
database managers. See [59] for detalils.

All experiments were conducted orl&Hz Pentium Il Linux PC withl Gb of RAM.

Table 3.2 shows the performance of full state space genaredimpared with the new algorithm. Tfi2j column
shows the number of database managers in the different coatigns, the following four columns show the values
for the full state space, and the last four columns show theegdor the new algorithm. In the full state space columns
the Statescolumn shows the number of states for each con guration Aligecolumn shows the average number of
bytes in the state vector in the different con guration® Meemorycolumn shows the total memory usage in bytes
for storing all states, and thEme column shows the time used for calculating the state spasedonds. In the
sweep-line columns th8tatescolumn shows the number of states explored by the sweemlgwithm, thePeak
column shows the peak number of states stored during themtjgn, theMemorycolumn shows the number of
bytes used for storing the states in the condensed repatieerlus the states Beak the number in the parentheses
indicates the memory consumption of the condensed repegianas a percentage of the full representation]the

Full Reachability Graph Sweep-Line based Algorithm

J

j States Avg Memory Time  States Peak Memory (%) Time (%)

D

5 407 146 59,422 0 813 33 8,070 (14) O

6 1,460 169 246,740 0 2919 88 26548 (11) 1 ()
7

8

5105 191 975,055 3 10,209 251 88,777  (9) 7 (233)

17,498 214 3,744,572 15 34,995 738 297912 (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 (6p G@33)

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



column shows the time used for calculating the condensqihgeand the number in parentheses shows the amount of
time used for calculating the condensed representatiopascantage of the amount of time used to generate the full
representation.

In the database replication protocol all states but théirstate are explored twice by the sweep-line algorithm,
and consequently the condensed graph has twice as many a®des full graph and the time for calculating the
condensed graph is roughly twice as long as the time for tzlng the full state space. Théemoryin the sweep-
line columns is calculated a& Statest Avg Peaksince one computer word (4 bytes) is used for representing
each condensed state afvdy Peakbytes are used for representing the states on the sweepAl@nly compare
the memory usage for storing the states, as the memory usagéofing the remaining graph structure would be
comparable for the two methods. Although the unfolded giggaterated by the sweep-line method contains twice
as many nodes as the original state space the memory usageeras the two Memory columns—is signi cantly
improved. For ve database managers the reduction is dowaraand 14%, while for ten database managers the
reduction is further improved, down to around 6% of the fafpresentation.

The second example is a system with little progress, narheliptning Philosophers problem. We use the number
of eating philosophers as progress measure. The perfomissbown in Table 3.3. Here thephils column shows
the number of philosophers. The remaining columns havedimegneaning as in Table 3.2.

We see that during analysis, we store nearly all reachabtesstvith the new algorithm, so the memory used
for storing the compact representation is overhead. Comdptar the amount of memory used for storing the full
state vectors, this amount is not signi cant, however, dm@dnly real disadvantage is that we still use extra time
for the construction. If the number of reachable statesasecto the number of syntactically possible states, the
amount of memory used for the condensed representatiomipamable to the amount of memory used for the full
representation, and little is gained from using the new rgtigm.

To sum up the results, the new method, as expected, perfoathom systems where the sweep-line method
performs well, i.e. systems with a lot of progress. In theea@s have seen the method uses approximately twice the
time as Algorithm 3.2, but uses only 6-14% of the space. Whersweep-line method performs badly, e.g. in certain
reactive systems, the method uses approximately the samerdiof memory as Algorithm 3.2 but more time. In a
sense, the algorithm trades space for time, so that we cdyrararger systems.

3.4 Contribution and Future Work

In this chapter we have presented the design of a new stategpol for CP-nets. We have de ned three simple
interfacesStorage, Unprocessed, andFormalism, and shown how these interfaces can be used to traversatbe st
space, to check safety properties, and to generate a cawtemesentation, which can be used for further analysis.

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

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

Also, | have implemented a couple of different instanceshefformalism interface, one for CCS, mainly for
making automatic tests easier to conduct, and one for BligcapReactive Systems, to test the tool with a fairly new

Full Reachability Graph Sweep-Line based Algorithm

jDj 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 5779 224 1,294,496 4226 11557 5773 1,339,38 (103) 15363)
20 15,128 247 3,736,616 2643 30,255 15105 3,851,95 (10381 91(345)

Table 3.3: Performance of the full state space generatiompaoed to the new algorithm for a the dining philosophers
problem. We see that the new protocol uses more than thres tisimuch time, but only uses slightly more memory.



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

In part B of my PhD study, | expect to devote most of my time ® shate-space tool. One experiment | want to
do is to compare the sweep-line method to other well-knowlnegon 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 drawingshaiad-dimensional models of new buildings made
by architects. A model of a computer system is intended ttucaphe essentials of the nal system, but at the same
time be simple enough to allow analysis, e.g. using the-sfadee method, as described in Chapter 3. An architect will
usually rst create a drawing of a new building, then creathrae-dimensional model, and nally build the building.
In the same manner, a computer system might be built by ogatisystem description as a document written in
natural language, then creating a model, a formal, exelytaihd veri able description capturing the essentialshef t
system, and nally implement the system.

Although intriguing, this approach is rarely used in preetiln a real setting, one will often view the modeling step
as a waste of time, whereas in an academic setting, one ismdténterested in the nal product, and therefore stops
after the modeling. Even if one goes through both the modelimd implementation of the system, there is no real
guarantee that the model really captures the nal systetenafne has to make slight changes to overcome unforeseen
dif culties. These changes are seldom re ected in the mpdslone has completed that part of the development
process. We may still gain insights from creating the mobet,we cannot use the model for veri cation, as the
model no longer re ects the nal system. One could try to riepae development model by using a waterfall-like
approach, where we go back and update the design documestigsthe model, but this approach is not well tailored
to interactive applications [10] and when deadlines apgrpgoing back to repair design aws is often neglected.

There are, however, a number of areas where modeling hasveegisuccessful: within the area of verifying
computer processors [26] and within the area of verifyirgqeols, either computer network protocols [33,34,58,72]
or protocols for human interaction or work ows [89]. One sea that the model-based approach is successful here is
that the end-productis not an advanced piece of softwateather the speci cation, and the model can be viewed as a
test rather than an unused intermediate step. Anotherssfatase of models is to observe the success for application
of models for protocols, and try to use models for test ratthan speci cation. One then writes a speci cation, makes
an implementation and nally extracts a model (semifpomaticallyfrom the nal product. The automatic extraction
eliminates human errors in the modeling or translation, emmdrs in the model can often be traced directly back to
the software product. This approach is used in various pr&jsuch as Modex [41, 42, 71], a model extractor for C
code, or to check contracts for device drivers in Microsofitdféws using SLAM [1, 81].

We propose a new way to use models in the software develogmnecdss. Firstly, we will not look at software
in general, but rather at the software most commonly dewslppamely software where a user interface shows and
manipulates a data model. Such software is designed usinlyltiuel-View-Controller design pattern [32]. Thus
software often consist of mainly two or three parts, a userface (the view) and a representation of data we want
to manipulate (the model) and how we want to manipulate & ¢bntroller). We will often combine the model
and the view, as objects in object-oriented programminguages contain data and methods to manipulate the data.
Secondly, we observe that while modeling in the sense weerss & formal, executable, and veri able description of
a software product is rarely used, a more relaxed versioftéa applied in practise, namely a prototype. A prototype
is written with two things in mind: to discuss the user inéed with the user and to understand and capture the logic
that needs to be used by the nal product. In [60] we give amaXe of this approach.

The visual part of a prototype can easily be built using a ®Uuilder, such as Eclipse [28] or Visual Studio [91].
This part of the prototype can often be used in the nal amilan as well, so this expense is easy to justify. The
business logic, or work ow, is often programmed using Hgstiritten code that “works”. This code is rarely usable
when the prototype is to evolve into the nal product, and éxpense to write this part is only justi ed by the need
to understand the work ow that needs to be built into the ajgion.

We propose to model the data model part of the prototype wsfognal modeling language, such as PROMELA
[42,83], timed automata [5], work ow nets [88, 89], or Colmual Petri nets [48], rather than making a coarse im-
plementation in a standard programming language, suchvasod&C#. This has a number of advantages: Firstly, it
is often easier to express the data model and the operatiahsrie can make on it, using a higher level language.
Secondly, the model may now actually be the nal impleméatateither by just simulating the model and let the
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user interact with it, or by automatically generating exable code(-templates) that is guaranteed to capture ¢he lo
of the model. Finally, as the model is now closer to the adtnplementation, it is now possible to make analysis of
the model and directly connect it to the nal implementation

In the paper [60] we describe an industrial case where we bufjprototype” of a network protocol. The prototype
is created using a tool, TIN-CPN, which | have designed armlémented during my PhD work. | also participated
in the industrial case described in [60]. | mainly createel @&mimation package and the animation we used in the
project as well as tying it to the model, but | also particguhin various parts of the modeling phase. A lot of the
design ideas for the animation tool have evolved from thecrste problems of the industrial case. As part of the
design of the animation tool, the idea of a model-drivenqiygie, was conceived. Presenting the state of a model in
a user-friendly way is by no means a new idea [11, 12, 62, 18]tHe idea of a model-driven prototype of standard
computer software, where the model can be replaced by amp#imentation and the view by a test-driver, is.

Figure 4.1 shows the approach taken to use CPN models toogeagbrototype. A CPN model (lower left of
Figure 4.1) has been developed by modeling the natural Eggyprotocol speci cation (lower right) of the system in
guestion. The modeling activity transforms the naturafjleage speci cation into a formal executable speci cation
represented by the CPN model. The CPN model captures thetieds®f the system we want to implement. The
resulting model can already be viewed as an early prototype gt is possible to execute and experiment with the
protocol at the level of the CPN model. Since CP-nets is algcapmodeling 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 executfoth@ system and it can be an advantage to
provide a high-level way of interacting and experimentinighwihe prototype. Furthermore, when presenting the
protocol design to people not familiar with CP-nets, it candm advantage to be able to demonstrate the prototype
without directly relying on the CPN model but more on apgimaand domain speci ¢ concepts, such as (images of)
computers and routers. To support this, an animation Gl l&fi of Figure 4.1) has been added on top of the CPN
model. The animation GUI visualizes the execution of the ethday updating the graphics according to the state of
the model.

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

Mimic/CPN [77] makes it possible to animate models withindloN/CPN [17, 25], which is another tool for
modeling using CP-nets. CPN models are animated byi® CPN by using function calls that are executed when-
ever a transition of the CP-net occurs. The animations aae/using an application that resembles traditional
drawing programs. Input from the user is possible by showingodal dialog, where the simulation of the model is
stopped while the user is expected to input informatiors Hlso 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 transitisystems, allows users to animate models using a
library called SceneBeans [64,80]. In LTSA animations & e to the models by associating each animation activity
with a clock; resetting a clock corresponds to starting @mation sequence. The animation sequence or a user with
his mouse can then send events which correspond to the psogfrthe timer.

Explore and interact

Input

Feedback

Demonstrater

i Animation GUI

Modelling

Gwcontig

Protocol specificatiot

Figure 4.1: Model-based prototyping approach.



Another approach, taken by e.g. the@vs/CPN [31] library for DESIGNCPN and CPN Tools, is to provide
a TCP/IP [44] abstraction, allowing the user to code the urgerface in any language and use RPC to communicate
with it. This approach resembles creating real programt&ecaiiot, but the user has to go through the hassle of
implementing RPC himself, making this approach dif cultuse in practice.

PNVis [53] is an add-on for the Petri Net Kernel [93], a highigdular tool for editing Petri nets. PNVis associates
tokens with 3D objects and certain places with locations 8Dawvorld. Moving tokens corresponds to moving the
associated object in the 3D world. PNVis is suitable for miogdegphysical systems, but not really useful for creating
prototypes of software.

The Play-Engine [35] supports the developer in implemenditprototype by inputting scenarios (play-in) via an
application-speci ¢ GUI, and then executes the resultinggpam (play-out). Compared to our approach this makes
the model implicit as the model is created indirectly via iijgut scenarios. In a sense, we create a prototype via
direct manipulation, but as the model of the system is cceatgirectly via the input scenarios it may be dif cult to
use the model for analysis and as basis for implementatitmeohal system. The reason is that an implicitly created
model is dif cult to interpret as it is automatically genéed.

We have mentioned a number of libraries, all of which suppoination in different ways. Using some libraries,
animation is integrated with the modeling formalism, suskhe use of timers in LTSA or the ability to view or change
the marking of places in ExSpect. Some libraries are easytémd, such as animations in LTSA, as the SceneBeans
library allows users to easily extend it with new animatioimjitives. Also, animations created using@ms/CPN
can easily be extended, as the “animation” is just a custanajhpplication. Some libraries make it easy to design
animations, such as ExSpect andwt/CPN, which both provide a graphical user interface to desigimations.

All of the libraries are quite low-level, however, and theuking animation is just that, an animation, and does not
really resemble a real software prototype, except for atiana created using@ms/CPN, butin this case you have
to code the RPC needed to drive the animation yourself.

The designed animation package aims at providing the goatdiries from all these libraries, and successfully
does so. In the rest of this chapter, we will rst describe dasign of the TIN-CPN animation package, BRITNeY
animation, and we will then turn to the description of theustlial case.

4.1 BRITNeY Animation

As part of my PhD part A, | have implemented a tool to supportletariven prototyping and animation.

The earliest version was inspired primarily bp@ms/CPN and Mmic/CPN. From @Mms/CPN we borrowed
the idea of communicating with an external application gsiame kind of RPC and from Miic/CPN we borrowed
the idea of making animations using simple procedure callsamsition occurrence. The rst version was just a Java
application able to draw simple geometric gures based q@uiron a TCP socket.

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

In the third version, animation objects were put into plag;ithereby enabling users to easily create plug-ins
themselves. More than 10 animation plug-ins have already developed, e.g. a plug-in to draw message-sequence
charts, a plug-in to draw directed graphs in 2D and in 3D, g4ifuto display simple messages to the user, a plug-in
to get simple input from the user, a plug-in to generate diffiekinds of charts, a plug-in integrating the SceneBeans
animation library of LTSA, and a couple of more specializeih@ation plug-ins. Plug-ins can be created with as
few or as many dependencies on services offered by the d@nimtabl as desired. That is, a new animation can be
no more than a dialog designed in your preferred GUI buildeit can be integrated in the animation tool, thereby
allowing the user to e.g. print the current state of the ationa The overall architecture of this third version can be
seenin Fig. 4.2.

The main idea behind this animation package is the Modek\@®ntroller (MVC) design pattern, where the
CPN model is the MVC-model, the animation is the MVC-viewg @hne model executor is the MVC-controller. One
of the main bene ts of using this design pattern is that impiple we can replace any component, and e.g. replace
the MVC-controller/MVC-model with a real implementationhich facilitates a model-driven prototype approach.
As explained in Sect. 4.1.1, it is also possible to removevibw for analysis.

4.1.1 CPN Tools Speci c Enhancements

The abstract view of the animation tool given in Fig. 4.2 isrfialism-independent. The animation tool has been
designed to seamlessly interact with CPN Tools, and a vighisfinteraction can be seen in Fig. 4.3. An important
thing to notice is that we have added an XML-RPC client to fheutator as well as some stubs [21, Sect. 5.3], i.e.
functions encapsulating the RPC calls to the animation fblois is the standard approach to RPC.
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Figure 4.2: The conceptual architecture of the animatianh. t@>n the left, we see the model executor, this can
be a CPN simulator or any other application that understaidis-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 theraaiion tool with CPN Tools. Compared to Fig. 4.2,

we have a more detailed view of the model executor. Firstly,eéxecutor is split up into two parts, an editor and
a simulator. Secondly, we see that the simulator commuesoaith the animation tool using an XML-RPC client.

Furthermore, a number of stubs for the functions in the atiamaool exist in the simulator to abstract away the RPC
mechanism. We also see two subcomponents of the animatbmsonely a stub generator and a CPN interface.



Automatic Stub Generation

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

If we open up the animation tool a bit, we see two subcomparadithe animation tool. One is the Stub generator.
This uses Java re ection [47] to inspect the registered {ihsgand generate a stub to access the functionality. This
stub is then loaded into the simulator, as indicated by tisbeld arrow.

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

CPN Interface

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

We can use synchronous channels as described in Sect. @stn3ulate calls to the animation tool. If we simply
create a send-transition to send the parameters to an aminpaig-in followed by a receive transition to retrieve the
result, we can communicate with the animation tool by singagding data on channels. By reversing the order of
the sender and the receiver, it is also conceivable that agrwation is initiated from the animation. This approach
provides several advantages. Firstly, we abstract awagdherete animation tool. Secondly, and perhaps more
important, we can now remove the animation and instead addtaltiver, e.9g. modeled in CPN as well. All the
driver has to do is to listen on the correct channels and #itewther channels. This would enable analysis of the
same model that we use to drive our animation. Finally, if vighvio 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\daesvs of places and can affect the model by adding
tokens to speci ¢ places. The dual concept of synchronoaaéls is fusion sets, where two or more places share the
same tokens. If we allow the animation tool to participattugion groups, we can achieve exactly the same behavior
as in ExSpect. We add an animation tool equivalent of a mewib&fusion set, and allow other objects to register
themselves as observers [32] of this member or to modify tamber. This provides functionality much like that
of synchronous channels, i.e. animation tool independandeability to easily construct test-drivers, but now the
communication is asynchronous rather than synchronous.

As mentioned earlier, animation plug-ins can be as depdraethe services provided by the animation tool as
they desire. If a plug-in wants to use the CPN interface, ishstate so, and it can then only be used when a CPN
simulator is present. Other animation objects may not nleeskt 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 [56jdet the Coloured Petri Nets Group [22] at the University
of Aarhus and Ericsson Danmark A/S, Telebit [29]. The redeqroject applies formal methods in the form of
Coloured Petri Nets and the supporting CPN Tools in the dg@veént of Internet Protocol Version 6 (IPv6) [43] based
protocols for ad-hoc networking [73]. An ad-hoc network isadlection of mobile nodes, such as laptops, personal
digital assistants, and mobile phones, capable of est@fdjss communication infrastructure for their common use.
Ad-hoc networking differs from conventional networks irattthe nodes in the ad-hoc network operate in a fully
self-con guring and distributed manner, without any prisérg communication infrastructure such as base stations
and routers.

Here we will describe a particular case study | have padiei@ in. In this study CP-nets have been used for
the speci cation of an interoperability protocol for rongj packets between xed core networks and mobile ad-hoc
networks. The interoperability protocol ensures that ekpa®w between a host in a core network and a mobile
node in an ad-hoc network is always relayed via one of theestogateways connecting the core network and the
mobile ad-hoc network. [60] shows how integrated use of €B-and BRITNeY animation have been applied to
build a model-based prototype of the interoperability pcol. The prototype consists of two parts: a CPN model that
formally speci es the protocol mechanisms and a graphisal interface for experimenting with the protocol.

Figure 4.4 shows the hybrid network architecture captusethé model-based prototype. The network architec-
ture consists of two parts: an IPv6 core network (left) andbdife ad-hoc network (right). The core network consists
of aDomain 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 coeddnyGateway 1 andGateway
2. A routing protocol for conventional IP networks (such asRB3$61]) is deployed in the core network and a routing



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

The domain-speci c GUI makes it possible for the user to obsdhe behavior of the system and to provide
stimuli to the protocol. The use of an underlying formal middecompletely hidden when experimenting with the
prototype. The domain-speci ¢ GUI has been used in the ptdjeth internally during protocol design and externally
when presenting the designed protocol to management atatpi@ngineers not familiar with CPN modeling.

We have also included a dynamic generation of message segjgbarts, which is a formalism well-known to
many protocol engineers. To do this, | implemented an an@mailug-in for BRITNeY animation, which is now
generally available. A log of how we arrived at the situatinrFig. 4.4 can be seen in the message sequence chart
in Fig. 4.5. First the model decided th@ateway 1 should send out advertisements toAdl-hoc Nodes. Then the
user decided to movAd-hoc Node 3 (simply by dragging the image to its new location). The mat®k makes
Gateway 1 and therGateway 2 send out advertisements, which cauadshoc Node 3 to update its IP-address and
send an update to tHeNS Server. Now the user wantblost 1 to transmit data té\d-hoc Node 3, and clicks on
the square next to it. This makelst 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 venhesiages, and only supported RPC-based animation
facilities. During the project, this proved to be insuf cie For example, we would like the animation to automaticall
re ect some information about the model, such as the DNShiesta. We solved this by manually updating the view
of the DNS server each time we made a change. This would harerhach easier to obtain by just making a view
on the place modeling the database. Also, a lot of effort ywastson making somewhat asynchronous input from the
animation, such as movement of mobile nodes. Our implertientased a transition to poll the animation, but this
would have been much easier, had we just been able to diesdlyokens to a place in the model.

Another observation we made during the project was that mftiegrating the model with the animation, we could
not easily turn off the animation and just work with the moda&k believe this would be possible, had we abstracted
away the direct function-calls from the model and just usgdkronous channels.

The project demonstrates that the use of formal modeling@oad with the use of domain-speci ¢ visualization
can be an effective approach to rapidly construct an exblaupaototype of a communication protocol.

Deploying Animations

Another problem that we also discovered during the projext that deploying the prototype to the industrial partner
was quite tedious. We had to give them quite complex indtyaston how to load and simulate CPN models using
CPN Tools. This is of course not a desired situation, andefoes 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 modéthaut ever starting the CPN user interface.
BRITNeY animation is able to load and start a model itselfing®nly the CPN simulator of Fig. 4.3. This is a great
advantage as users no longer have to get a long manual dng@RN Tools, loading a model, preparing to start the

Figure 4.4: The Hybrid Network Architecture.
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Figure 4.5: Another view of the network in Fig. 4.4. We here alt messages transmitted by the different nodes. This
trace shows how we arrived at the situation in Fig. 4.4.

animation, starting the animation and nally interactingiwthe animation. As the only reason BRITNeY has to do
simulation is to drive an animation, we can simplify the lwapof a model to a single click on a button.

Secondly, BRITNeY animation supports deployment basecwa Web Start [46], a relatively new technique for
deploying Java applications that makes it possible to linsital run a new application simply by clicking on a link
in a browser. The technology will then check whether theerversion of Java is available and offer to download
upgrades if needed. Itis de nitely easier to just point sgera web page, optionally with some instructions on using
the prototype, than to distribute CDs and explain how to heent

4.3 Contribution and Future Work

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

My contribution to visualization of formal models consisfdwo parts. Firstly, the implementation of BRITNeY
makes it possible for users of CPN Tools to create a graph&al interface for their models. Second, the idea of
creating prototypes of software, allowing some parts ofNtualel-View-Controller design pattern to be driven by
formal models is new. This approach allows developers tahapevelop rough prototypes, and through step-wise
re nement of the model an prototype to get a formal model & groduced software, and to reuse parts of the
prototype in the nal product. In some cases it may even besiptessto use the model as the implementation or to
automatically derive (a skeleton of) the nal implementatirom the model. The Play-Engine supports an approach
similar to this, but the derived model may be dif cult to inpeet to obtain the nal implementation, making this
approach less desirable.

My work on BRITNeY is almost complete. It is being cleaned opd general release, and will then be handed
over to the student programmers currently maintaining CBOIST

| expect | will use features of BRITNeY in the future, as BRI&¥X supports drawing and automatic layout of
directed graphs, which has already proven itself a valuaolefor 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 differealsthas several bene ts; among the most important
bene ts is the ability to make tools that focus on only onesatf editing, simulation, or analysis. Another important
bene t is the possibility of creating a library of common nads, which can easily be used when explaining and
benchmarking a new analysis method. In order to support an@xchange, a common exchange format should be
agreed upon.

The Petri net Markup Language (PNML) [7,92] provides a metaleh of Petri nets and a framework to specify
formats. In order to specify an exchange format, the implgerehas to write a Petri net Type-De nition (PNTD),
which speci es the allowed labels for each type of elemeat,the allowed annotations, such as names of places and
transitions, arc annotations, place types, and initiakingss. The PNML framework speci es an eXtensible Markup
Language (XML) format, which we shall use as our exchange&br

In the paper [95] we propose and exemplify such a format fghHfével Petri nets, such as CP-nets. My contri-
bution to this area is in part the paper [95], as it documertsrerete way to exchange high-level Petri nets and it
gives translations of several common composition mechaie the module concept of PNML. Furthermore, | have
participated in several standardization meetings, aneé,teeng with other members of the CPN group, pushed the
standard towards allowing a mixed format for annotatiossstell 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 dfreB is very simple, and except for names of
places and transitions, only speci es that places can haveiial marking and that arcs can have an arc annotation.
Both initial markings and arc annotations are simply ndtatembers. A PNTD for High-level Petri nets (HLPN)
must not only specify more labels such as declarations aébkes and functions, place types, and transition guard
functions, the described labels are also more complex asplzan have arbitrary types.

Apart from more advanced labels, CP-nets also allow the feode construct models by combining smaller
components. We have earlier seen fusion places, in Sect2, 28d modules communicating using synchronous
channels, in Sect. 2.2.3. Both of these constructs (as wedl composition mechanisms) can be expressed by adding
more labels to the involved places or transitions, e.g. allfdr each place indicating the fusion set it is a member
of, but PNML already provides a generic module concept, tvioign be automatically attened to an equivalent net
without modules [54]. By translating to this module concitead of introducing more labels, it is possible to
exchange models between tools understanding elaboragosition mechanisms and tools that only understand at
nets — we still lose some information about the structurémmipreserve the semantics, which is suf cient for e.g.
analysis.

5.1 Arc Annotations

In this section, we rst describe the main problems with llabprovide solutions for them and exemplify the proposed
solution for arc annotations. Labels are the textual artiooitsiof places (e.g. names or types), transitions (e.gesam
arcs (arc annotations), and entire Petri nets (e.g. déidasaof types).

A major problem when trying to exchange labels is that défeHLPN tools use different annotation languages.
For example, to move “one token with value 2 and four tokerth walue 7” to or from a place in CPN-AMI or
CPN Tools one would use the syntaxes shown in Fig. 5.1. Athahe concrete syntax differs, the labels in Fig. 5.1
clearly express the same values and can be exchangedéfadhst exchanging concrete syntax, the tools exchange
abstract syntax trees (AST). The problem with similar aatiot languages with different concrete syntaxes has been
illustrated here using arc annotations, but the problem alises for other kinds of labels. For more examples, refer
to [95].
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<2> + 4x<7> 12 ++ 47
(a) CPN-AMI (b) CPN Tools

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

Even though exchanging everything as ASTs solves the probi¢h exchanging annotations with different con-
crete syntaxes, other problems arise. Adding new featortreetformalism becomes quite cumbersome because the
exchange format has to be changed and all tools have to supparew format. It would be desirable if implementers
could easily try out a new feature and, if it persists, thé&embmmunity could make an orderly change to the standard
rather than encourage implementers to make dozens of indepeand incompatible ad-hoc “improvements” as has
happened within the Hyper-Text Mark-up Language (HTML) coumity, where e.g. the introduction of frames was
prompted by a vendor-speci ¢ “improvement”. Therefore wegmose allowing, at any point in the saved AST, a leaf
containing verbatim text—this leaf can then be used to sawerete syntax when needed. Allowing verbatim text in
the AST also offers an important advantage, namely that thaungh the format is meant to be an exchange format
for correct nets, it is also possible to use the format asqmynstorage format; it is highly likely that a modeler may
want to save a net halfway through the modeling, but at thist@mme annotations may not be syntactically correct
and therefore not parsable, so an AST cannot be construtede insists on saving ASTs only, such an erroneous
label cannot be saved, but it is easy to save such an anm&asoverbatim text.

In Kindler's proposal for ISO/IEC 15909 part 2 [52], a clearat between structured and unstructured labels
is suggested: a label is either completely unstructuredorptetely structured. The advantage of not requiring a
clear-cut separation is that it makes it possible to maintadre structure even when using an element that has not yet
been standardized. For example, in Fig. 5.2 lines 5-14, weable to represent a multi set of an integer and a value
computed by a function using abstract syntax even thougheahue of a function application is not yet standardized.
If multiple tool implementors decide that function apptioa in multi sets is useful, it is still easy to exchange nets
between these tools—this exchange would be dif cult hadoit Ibeen possible to make a partially structured label.
Furthermore, allowing partially structured labels doesatl any extra complexity to the implementation of tools, as
it is very easy to write an eXtensible Stylesheet Languagedformations (XSLT) style-sheet capable of translating
(partially) structured labels to unstructured labels.

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

Figure 5.3 shows the proposed grammar for multi-set exjgnessLine 1 de nes arc annotations, line 2 de nes
initial markings, which can also be expressed using mut,send lines 3-8 de ne multi sets. A multi set is either
a value (representing one token with the given value) ortaofigardinality/value pairs. The de nition of a value
is especially worth noticing. At the moment it only speci esstructured elements, but it is designed so that future
extensions are easy to make, if e.g. one wants to add typésasuinteger, strings, or enumerated elements. The
reason that speci c types have not been de ned yet is thatthdgpes are well-de ned. If one wants to de ne data-
types, one should take a look at how XML Remote Procedure (@MIL-RPC) [96] or XML Schema [8] handles
data-types. Another possibility is to allow more genergressions stored as an AST.

Various tools use different abbreviations. For exampleé\JBols allows specifying the multi set “one token with
value 2" as jus® (as opposed t@'2 ) and CPN-AMI allows specifying “one black token” using n@ @annotation.

For exchange to be possible, such abbreviations must bésstiined or expanded by the tools. We propose that all
abbreviations are removed and that black tokens are noiasp@c must be explicitly declared.

In [95], in addition to the treatment of multi sets, we alseeghn abstract syntax for declarations (type and variable
de nitions), types of places and guards of transitions,thatgeneral 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 rehiliseng Modular PNML [54]. To see how other compo-
sitional constructions (hierarchical Coloured Petri regtd synchronous channels) can be described using Modular
PNML, please refer to [95]. The construction used here isnajue to high-level nets and can easily be used to also
introduce advanced composition techniques in other nestyg.g. PT-nets, without breaking compatibility with ol
without the features, thanks to the automatic attening.

What is e.g. an integen? In Javaitis 231 n< 23! andin Standard ML itis 230 n< 2%
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<annotation>
<text>#&amp; * @</text>
</annotation>

<annotation>
<multiset>
<value cardinality="1">
<text>2</text>
</value>
<value cardinality="3">
<text>fac(6)</text>
<value>
</multiset>
</annotation>

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

<Arc Inscription> ::= <Multiset> | <Unstructured>
<Initial Marking> ::= <Multiset> | <Unstructured>
<Multiset> ::= <Multiset Element> * | <Value>

| <Unstructured>

<Multiset Element> := <Cardinality> <Value>

<Value> ::= <Unstructured>
<Cardinality> ::= <Non Negative Integer>

| <Unstructured>

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

We want a construction that preserves the semantics ofifypéd@es and preserves as much information as possible
about the structure (we could just atten the entire net aplace the fusion set with a single shared place, but we
would then lose the information about the structure). Theition of our construction is to construct a page, which
is a kind of module, for each fusion set, containing only gkrglobally accessible place. We then translate each
participant into a reference to the single global place.b@lmodes can be referred to from every module of the net,
nicely modeling how we can think of fusion places: a singld pace, and a number of participants referring to it.
All of these concepts are part of Modular PNML. Figure 5.4vetidnow this construction would look like for the net
in Fig. 2.4.

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

One might think of other ways to model fusion places if we waravoid the overhead of a new globally accessible
place. For example we could make one participant canonigaoloverting it to a real place and have the other
participants refer to it. This introduces a lot of new ovexthéhough. For example, when the canonical place is
removed, we need to make another participant canonical labdlty update the references. This also makes removal
of the last participant from a fusion set cumbersome, as we tadetect that no other participants exist. Creating a
new place and having all others refer to it would solve thesblpms, but would create problems if the page it resides
on is deleted, which brings us back to having to create a apgage 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 exghtor CP-nets and pointed out some of the main
dif culties in designing such a format, namely how to excgarcomplex labels and how to express compositional
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Figure 5.4: How the net in Fig. 2.4 would look like if storedngsthe proposed Modular PNML construction. The
change is that we have added a new pl&egsion 1, with the name of the previous fusion set, and turned allrothe
members of the fusion set into references that simply poittt¢ new place. The dashed ovals are not real places, but
merely references that point to a real place. To simplifydreving, the reaFusion 1 place is placed in the same
gure, even though it should be placed in a seperate module.

Figure 5.5: How the net in Fig. 2.4 would look like if storedngsthe deprecated Modular PNML construction. The
change is that we have removed b@tinkStand places from the fusion set and turned the right-most plat® in

a reference to the left-most place. The problem with thisstmietion can be seen by imagining that the left-most
DrinkStand place is deleted.

constructs as simple as possible. We have also proposeibssito the problems.

My contribution is two-fold: Firstly, | have given a concestxample of how to exchange the different kinds of
labels of Petri nets and, secondly, | have presented a ataosbf one of the most common composition mechanisms
of CP-nets into the existing module concept of PNML, theréémonstrating 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 no¢,nbut the idea of mixing abstract and concrete
syntax is new. My main contribution regarding labels is aarete starting point for the standard, which proved to
ignite interesting discussions at the workshop where itpvasented.

My translations from compositional constructions typligaised in tools to the format of Modular PNML have at
least two bene ts. Firstly, it simply shows that it can be dpwhich proves the currently standardized way is “good
enough”. Secondly, the constructions used can be usedlgiretools, and | have already conducted some work on
that, namely a translation from the native format of CPN $dolthe 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 arplate, so the missing pieces mainly require discus-
sions with people spread around the world, which is a ratb@r grocess. The standard is getting close to a rst draft,
meaning only details will change. | expectto continue nigithe rough edges of the current representation, but | do
not expect to use a lot of energy on the subject.



Chapter 6

Conclusion and Future Plans

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

| have introduced a standard analysis method, the statespathod. | have shown how this can be de ned for
CP-nets, and how to construct the state space. | have idehtihe interface of three data structures used during the
construction, and | have argued that different implemémtatof these three interfaces can be used to make different
kinds of traversals of the state space, to make differermtskaf reductions of the state space, and to analyze entirely
different modeling formalisms. My main contributions inglarea are:

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

implementation of bit-state hashing and Bloom- Itering foP-nets,
design and implementation of state-space analysis andmesiagic for bigraphical reactive systems, and
design and implementation of a graphical user interfacadiifate easy use of the new state-space tool.

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

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

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

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

the idea of mixing concrete and abstract syntax to représbals,

a number of translations from common composition consiriaech previously de ned module concept, leading
to the acceptance of the module concept as the sole conguosigchanism for high-level Petri nets,

a concrete proposal for an exchange format for high-leviel Rets, and
participation in several standardization meetings, whéigse worked, successfully, for the acceptance of the

two rst points.

6.1 Future Plans

The rest of my PhD work will not concentrate on all these tlaeas, but mainly on the design, implementation, and
experimentation with the state-space tool and new anatystbods. The work on the animation tool is more or less
complete and the work on standardization is not very timesaoring, 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 bitesteishing and hash compaction. For this to be possible,
| need to implement state caching, which should be relatisighple from the current hash table storage, and bring
the current sweep-line method implementation up to dates iSlinteresting, since the sweep-line method has mainly
been compared to calculating the full state space, whichdsuarse not a fair comparison.

Visit to Aalborg

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

De ne a Modal Logic for Properties of CP-nets

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

Currently the only way to check properties of CP-nets in CPNIF is to write a SML function for checking the
property and then check it yourself or using a rather oue¢d&TL implementation, ASK-CTL [15].

If we de ne a logic to express local properties of CP-netscar in a canonical way, similar to the approach used
in Chapter 3, obtain a logic for specifying safety propextidd/e can also easily use one of the standard de nitions of
a modal logic to obtain a modal logic for CP-nets. If the lggadperties and the modal logic is decidable for nite
state spaces, we obtain a decidable logic. To check this widvpsobably 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 pdevthe user with a more friendly way to enter
properties, for example one could input temporal propgrgng message-sequence charts.

Partial State Spaces

Due to the fact that state spaces are oftenin nite or veiydait is interesting to see what can be checked by generating
partial state spaces only, or by only generating covetglgliaphs [48, p. 146]. It is obvious that we cannot check
safety properties, but we may be able to translate somesesfudlounded model checking [6] to the eld of CP-nets.

Telebit Project

| plan to continue my participation in projects with Ericeddanmark A/S, Telebit, where at least one of the upcoming
projects will include state-space analysis. | expect thistwill 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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