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Chapter

Introduction

The domain of this thesis is concurrency theory and formal models of distributed
systems. In particular, we work in the fields of modularity and compositionality.
We model the system structure by Petri Nets, in particular Elementary Net Sys-
tems, and system behaviour by Transition Systems or Occurrence Nets. A Petri
Net is a particular graph, whose nodes are of two kinds: local states and local
transformations. The first one represents a local part of the state of the system; a
local transformation models the effects of the occurrence of an action that mod-
ifies the state of the system. Elementary Net Systems are a basic model of Petri
Nets in which every local state is a boolean condition. Transition Systems model
the global states and the global transformations of a system. Occurrence Nets are
a particular kind of Petri Nets that represent the unfolding of an Elementary Net
System. The representation of the behaviour of the system is expressed in the
same formal notation as its structure. Here, each element records the occurrence
of an element of the Elementary Net System. On Occurrence Nets, it is natural to
define relations between elements, such as concurrency, conflict and causality.
We work with morphisms: a theoretical tool used to represent formal relations
between models. The relation modelled can be a transformation, an abstraction,
a refinement or other. Here, we focus on refinement/abstraction. One of the main
challenges consists in developing languages and methods allowing to derive prop-
erties of the refined system from properties of the abstract system. Starting from
some notions of morphisms already defined in the literature (Winskel morphisms
[45] [33], N-morphisms [31] and N -morphisms [38] [6]), we study the possibil-
ity of varying or restricting these definitions so to preserve and reflect structural
and behavioural properties of the related systems. Our main contribution in this
part is the definition of a-morphisms, which preserve reachable markings. Our
approach is motivated by the attempt to define a refinement operation preserv-
ing behavioural properties on the basis of structural and only local behavioural
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8 CHAPTER 1. INTRODUCTION

constraints. Indeed, we characterize the local additional restrictions, with respect
to general morphisms, that aim, on one hand, to capture typical features of re-
finements, and on the other hand to ensure that some behavioural properties of
the abstract model still hold in the refined model, like the reflection of reachable
markings and that a-morphisms induce a bisimulation between the related Net
systems. In order to define a structural morphism able to preserve and reflect
behavioural properties, it is natural to search also a behavioural morphism that
formalises this goal. As we already said, we consider both Occurrence Nets and
Transition Systems to represent the behaviour of systems modelled by Elementary
Net Systems. Clearly it is possible to see an Occurrence Net as an Elementary
Net System, putting a token in each initial place of the Net. So, it is possible
to use the morphisms already defined also on Occurrence Nets. We can use the
concurrency, conflict and causality relations to obtain simpler morphisms on Oc-
currence Nets such that the same results obtained for Elementary Net Systems
still hold. In dealing with morphisms on Elementary Transition Systems, we first
recall G-morphisms [31], a behaviour preserving morphism, and @—morphisms
[38], that differ from the former in interpreting the morphism as a refinement
of the codomain system. Our contribution is the definition of a more restrictive
version of @—morphisms, called I'-morphisms, that take into account also the re-
lations between states and transitions. I'-morphisms do not allow to map pairs of
dependent events into pair of independent events. Moreover, we want to relate
morphisms between Elementary Net Systems with morphisms between their as-
sociated behavioural models and vice versa, in order to obtain more behavioural
properties relating only structural models.

In the development of distributed systems a central role is played by formal
tools supporting various aspects of modularity such as compositionality. There is
a lot of interest in how to combine models because it makes the analysis of models
simpler and more structured. The use of products in a suitable category of Nets
as a way to model composition by synchronization has been studied by several
authors. One of this works, similar to ours, proposed by Fabre [18], applies to
Safe Nets and is built on the notion of pullback. A survey paper by Padberg [34]
describes a way to compose Nets using morphisms and pushouts. There, the em-
phasis is on refinement rules that preserve specific behavioural properties, within
the wider context of general transformation rules on Nets. Winskel [45] defines
composition as a product in a category built on his morphisms. Following the
approach proposed in [38] and in [3], the basic idea consists in composing two
different refinements of a common abstract view, obtaining a new model which
describes the system comprising the details of both operands, while complying
to the same abstract view. The rules for identifying elements of the components
are expressed by means of morphisms towards another model, called interface.
The interface can be seen as an abstraction of the whole system, shared by the



components or, alternatively, it can be interpreted as the specification of the com-
munication protocol. In this case, each operand can be seen as made of the actual,
local, component, and of an interface to the rest of the system. The composed
system is made by local parts corresponding to each component and a global part
corresponding to the interaction between the components. The composed sys-
tem results to be related to both the components and the interface by means of
morphisms, and the resulting diagram is commutative. Our contribution is the
adaptation of this procedure to a-morphisms, so that the results obtained for these
morphisms can be used in composition. Using a-morphisms we are able to obtain
a composed system that is bisimilar to one of the components, if the other compo-
nent respects the behavioural constraint local to each refinement of the interface.

How could a system designer use these results in practice? One way would
consist in defining a set of Net transformations that he or she may use in refining
a system model. Such transformations should be consistent with a suitable class
of morphisms in the following sense: the result of applying a Net transformation
should map onto the initial more abstract model. Our contribution consists on
showing two examples of this kind of Net transformations.

The theoretical framework constituted by the composition guided by mor-
phisms and interface is suitable to be used in the field of information flows and
visibility. In this part of the research we assume to have a system divided in a hid-
den part (called the high part or the defender) and an observable part (called the
low part or the attacker). The observer knows the structure of the whole system,
but he is able to observe only the observable part. The observer can see the state
of a part of the system, and observing this, it is able to derive that one event has
occurred. We want to understand if the observer is able to infer some information
on the local states of the hidden part. Starting with Moore [30], a lot of interest
was in the study of the possibility to infer the state of a hidden part of a system.
We aim at a structural characterization of the hidden internal states of a system
that become visible after its interaction with a defined subsystem. We assume to
have a high-level system that wants to keep secret its internal local states from a
low-level system interacting with the high-level component through an interface.
Basically, we explore the consequences of a proposal originally made by Busi and
Gorrieri for defining non-interference properties. The new part of our proposal is
that we use the local validity of conditions as observable properties and we focus
on structural properties. Our contribution here is in changing the point of view
of the attacker: he is not able to observe events, but only the modification of the
local states. Defining a new kind of observability on states, we obtain results on
the visibility of conditions of the defender that the attacker is able to infer using
invariant properties that concern conditions of the defender and of the interface.
We also define a classification of systems related to the idea of visibility.

The thesis will be structured as follows: in Chapter 2 we present the basic
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definitions we will use. In Chapter 3 we present the morphisms on the three
kinds of models we consider, the categories defined and the relations between
some of them. In Chapter 4 we present the work on the set of well formed Nets
used for transformations and in Chapter 5 we present the work on composition
guided by morphisms. Then, in Chapter 6 we present our work on observability
and visibility. Finally, in Chapter 7 we expose conclusions and we explore the
possible developments of this thesis.



Chapter 2

Basic definitions

2.1 Preliminary definitions

In this section we will recall the main definitions and notions that will be used in
the rest of the thesis.

We then present Elementary Net Systems, a basic type of Petri Nets, and two
different models of the behaviour of an Elementary Net System: Occurrence Nets,
another kind of Petri Nets, and Elementary Transition Systems, a kind of Finite
State Automata.

It is possible to use indifferently vectors and characteristic functions: if v is a
vector z € v < v(z) £ 0.

Given a vector, we will use the symbol | to denote the restriction of the object
on a part of its components.

2.2 Categories, objects, and morphisms

In this section we recall some basic notions from Category theory.

The notion of function is one of the most fundamental in mathematics and
science. Category theory [1] [44] is the algebra of functions; the main operation
on functions is taken to be composition. A category is an abstract structure: a
collection of objects together with a collection of arrows between them.

2.2.1 Categories

The following definitions are taken from [1] and [44] with some adaptations. We
begin by giving the formal definition.

11



12 CHAPTER 2. BASIC DEFINITIONS

Definition 1. A category C consists of a set of objects (called obj (C)) and a set
of morphisms or arrows. The objects are denoted

A B, C, ..., XY, ..
and the morphisms are denoted

9, h, ..o, B,7, ...
Further:

* each morphism has a designated domain and codomain in obj (C).
When the domain of [ is A we write dom (f) = A.
When the codomain of f is B we write cod (f) = B.
When dom (f) = A and cod (f) = Bwe write f: A > B;

* given any object A there is a designated identity morphism 1, : A — A;

* given two morphisms f : A—- Band g: B — C, we define go f: A - C as
the composite morphism;

* the data above is required to satisfy the following:

Identity laws: if f: A— Bthenlgof=fand foly=f;

Associative law: iff: A—> B,g: B—>Candh:C — D then ho(go f) =
(hog)of: A D.

In a category C, given two objects A and B, the collection of all morphisms f
such that f : A — B is denoted by C[ A, B].
Let us define isomorphism between objects and categories.

Definition 2. An arrow o : A — B in a category for which there exists another
arrow a~' : B — A such that

aocal=1pg

aloa=1y
is called an isomorphism.

If there is an isomorphism « from A to B we say that A and B are isomorphic
objects, and we write A 2 B.

Definition 3. Let A and B be categories.
An isomorphism from A to B is a bijection ® from the objects and arrows of
A to the objects and arrows of B, respectively, such that:
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* & preserves domains and codomains: if f : Ay —» Ay in A then ®(f) :

* & preserves composition: if f : Ay - Ay and g : Ay - As in A then
®(go f)=2(g) o ®(f) in B,
* ® preserves identities: if 14 is an identity in A then ®(14) = 1o(a) in B.

If there is an isomorphism @ from .4 to B we say that .4 and B are isomorphic
categories, and we write A ~ B. It is possible to think of an isomorphism as
renaming the objects and arrows because isomorphic categories differ only in the
names of the objects and arrows.

An important tool in the practice of Category Theory is the use of diagrams for
representing equations. In a diagram a morphism f : A — B is drawn as an arrow
labelled f from object A to object B. A diagram commutes if the composition of
the morphism along any path between two fixed objects is equal.

Finally, let us define what is a subcategory.

Definition 4. A category B is a subcategory of a category A, if
* obj (B) cobj (A);
* YA, Beobj(B),B[A,B] c A[A, B];
e composition and identities in B coincide with those of A.
A subcategory is full if VA, B eobj (B),B[A, B] = A[ A, B].

A full subcategory is fully determined by its collection of objects.

2.2.2 Functors

If a transformation F between two categories A and B must map the categorical
structure of A to that of 13, it must take objects and morphisms of .4 to objects and
morphisms of ; moreover, it must preserve domain, codomain, identities and
composition. Such a transformation F : 4 — A is called a functor.

Definition 5. If A and B are categories then a functor from A to B consists of two
functions, one on objects and one on morphisms; the former is denoted

Fobs Ob.] (A) _)Ob.] (B)
and, for each pair of objects Ay, Ay of A,

FAl,Ag : «A[Ala AZ] - B[Fobs(Al)> Fobs(A2)]
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satisfying
Faa(la) =1r,, (1)
. o B
FAI,AS(B © O{) = FA2,A3 (ﬁ) ° FAl,AQ(a) l‘fAl g AQ - A3

Note that we usually denote all the functions F,s, F 4, 4, by the symbol F.

2.2.3 Pullback and pushout
We now introduce the notion of pullback.

Definition 6. Given two arrows f: B - Aand g : C — A with common codomain
A, the pullback of (f,g) is an object P and a couple of arrows pg : P - B,
po : P — C, such that:

* fepp=gopc: P> A;

o forevery other triple (Q,qp : Q - B,qc : Q — C) such that foqg = goqc,
there exists a unique arrow u : () - P such that pgou = qg, and pcou = qc.

N\

P——~C

B—A

The notion of pushout is dual to that of pullback.

Definition 7. Given two arrows f: A - B and g : A - C with common domain
A, the pushout of (f,qg) is an object P and a couple of arrows ip : B - P,
ic: C — P, such that:

* jgof=icog:A— P;

e for every other triple (Q,jp : B — Q,jo : C — Q) suchthat jgo f = joog,
there exists a unique arrow u : P — Q) such that uoig = jg, and uoic = jc.

A—2>C

fl icl \

B2 p XC

, v
JB Q
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2.3 Elementary Net Systems

Petri Nets were introduced by Carl Adam Petri [36] as a basic model of general
systems. In this section, we recall the basic definitions of Net theory. For a de-
tailed introduction to Net theory, see [40].

In Net theory, models of distributed systems are based on objects called Nets
which specify local states, local transitions and the relations among them.

Definition 8. A Net is a triple N = (B, E, F'), where:
* B is a finite set of local states;
» E is a finite set of local transformations;
e BnE=g;
 Fc(BxFE)U(FE x B) is the flow relation.

The set of nodes of a Net will be denoted by X = B u E; we allow the empty
Net and Nets with isolated nodes. In the following, when we add an index to a
Net, also its components are identified by this index: N; = (B;, E;, F}).

A Net can be represented as a bipartite graph. We adopt the usual graphical
notation: local states are represented by circles, local transformations by boxes
and the flow relation by arcs.

A local state b € B is a precondition of e € E if (b, e) € F; it is a postcondition
of e if (e,b) € F. The preset of an node x € X is defined by *x = {y € X | (y,x) €
F}; the postset of x is given by z* = {y € X |(x,y) € F'}; the neighbourhood of
x is given by *x* = *x U x*. These notations are extended to sets of nodes in the
usual way.

A local state z is the complement of a local state y if *x = y* and x* = *y. The
complement of x, if it exists, will be denoted by z’.

For any Net N we denote the in-nodes of N by ON = {x € Xy : *z = @} and
the out-nodes of N by NO = {x € Xy : 2* = &}.

ANet N = (B, E, F) is B-simple iff foreach z,y € B, (*r =*yAnx®* =y*) =
x =y; N is E-simple iff for each z,y € E, (*x = *y Az® = y*) = x = y; finally, N
is simple if it is both B— and E-simple.

A Net is T-restricted when Ve € F.%e + @ #+ e°.

Let us define a subnet of a Net generated by a subset of nodes.

Definition 9. A Net N' = (B’,E',F") is a subnet of a Net N = (B,E,F) if
B'cB,E'cFE,and F'=Fn ((B"x E")u(E'x B")).

Given a subset of nodes H ¢ B, we say that Ny is the subnet of NV generated
by Hif Ny =(H,*H*, Fn((Hx*H*)u(*H*x H)).
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Given a subset of nodes K C E, we say that N is the subnet of N generated
by Kif Nk = (*K*, K, Fn((*K*x K)U (K x*K*)).

Given a subset of nodes A ¢ X, we say that N (A) is the subnet of N identified
by Aif N(A)=(BnA,EnA Fn(AxA)).

The structure of a Net can be represented by a matrix M called the incidence
matrix.

Definition 10. The incidence matrix of a Net N = (B, E, F') is the matrix M with
| B| rows (one for each local state) and |E| columns (one for each local transfor-
mation).

Its (k,7) node is:

-1 if(bkaej)EF
M(k,j): 0 if(bkaej)¢F/\(6j7bk)¢F
1 if(€j7bk)€F

A State Machine is a connected Net such that each local transformation e has
exactly one input local state and exactly one output local state: Ve € E,|%¢| = |e*| =
1.

Let us now define Elementary Net Systems [41]. Whereas a Net describes the
structure of a system, an Elementary Net System adds to this the specification of
an initial global state. A global state is a set of local states, and is a snapshot of
the system at a given time. Moreover, a local transformation is called event and a
local state is called condition. The events are actions that change some local states
of the system. In Elementary Net Systems local states are interpreted as boolean
conditions.

Definition 11. An Elementary Net System is a quadruple N = (B, E, F,my),
where (B, E, F) is a simple Net such that:

o self-loops are not allowed: Ve € E.Np,qe B:(p,e),(e,q) e F =p+q;
* isolated nodes are not permitted: dom (F')u cod (F) = X;
* the initial marking is mg € B.

In general, a marking (o case) is a subset of conditions that are true at a given
time. If m € B is a marking and b € m, we will say that there is a token in b.

The behaviour of Elementary Net Systems is defined through the firing rule
which specifies when an event can occur, and how event occurrences modify the
holding of conditions, i.e. the state of the system.
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Definition 12. Let N = (B, E, F, mq) be an Elementary Net System, let e € E and
m C B.

1. e is enabled (or e has concession) at m, denoted m[e), if *¢ € m and
e*nNm=ga.

2. If e is enabled at m, e can occur. Its occurrence brings the Net System from
state m to a new state m', denoted by m [e)m/, iff m' = (m N *e)ue®; e is
also called a sequential step from m to m/.

3. Let € denote the empty word in E*. The firing rule is extended to sequences
of events by
m[e)m

and

Vee E,Vw e E*,m[ew)m' < m[e)m"[w)m’

ew and w are then called firing sequences. The set of firing sequences of N
is the set FS(N) = {w € E* |mg [w)}.

4. m < B is a reachable marking of N if there exists a w € FS(N) with
mg [w)m. The set of all reachable markings, or state space, of N is de-
noted by [my).

The sequential behaviour of Elementary Net Systems can be described by
marking sequences and transition systems.

Definition 13. A marking sequence ms of N is a sequence
ms=my...My:3e1,...e,1 € E;myer)mo...myq[en1) my
We will call M S the set of all marking sequences starting from the initial marking.

Definition 14. The marking graph (or reachability graph) of an Elementary Net
System N is the triple MG(N) = ([mo), E,T), where T = {(m,e,m’)|m,m’ €
[mo)nee Enme)ym!.

Different Elementary Net Systems can have isomorphic marking graphs. In
this family of systems, there is a model that is maximal in the number of condi-
tions. This Elementary Net System is called saturated.

A set of events U € E may occur concurrently, 1.e. 1is a step, at a marking
m, denoted m [U) m/, if they are pairwise independent, i.e., Ve, eq € U : €1 # €9
implies: (*e; Ue1®) N (®ey Ues®) = &, and each one of them is enabled at m. The
new marking m/' is obtained from m by the occurrence of each event in U.
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An Elementary Net System is /-/ive if every event can fire in, at least, one
reachable marking: Ve € E, 3m € [mg) : m[e). An event is called dead at a
marking m if it is not enabled at any marking reachable from m. A reachable
marking m is called dead if no event is enabled at m. An Elementary Net System
is deadlock-free if no reachable marking is dead.

Definition 15. An Elementary Net System N = (B, E, F,my) is said to be contact-
free iff Vm € [mg) ,Vee E,*ecm =e*nm=@.

A subnet of an Elementary Net System /N identified by a subset of conditions
A and all its pre and post events, N (A u*A*), is a sequential component of N if
N(Au-*A®*) is a State Machine and if it has only one token in the initial marking.

An Elementary Net System is covered by sequential components if every con-
dition of the Net belongs to at least one sequential component. In this case we say
that the system is State Machine Decomposable (SMD).

Intuitively, a State Machine decomposable Net System models a system com-
posed of interacting sequential parts.

If an Elementary Net System is covered by sequential components then it is
contact-free.

Some properties of an Elementary Net System can be studied through the in-
cidence matrix and its invariants. An S-invariant [42] associates positive weights
to conditions so that the weighted sum of tokens is the same in all reachable mark-
ings.

Definition 16. Let N be an Elementary Net System and let M be its incidence
matrix.
Avector1: B - Nis an S-invariant iff it is a solution of: 1T o M = 0.

T-invariants allow to identify firing sequences that reproduce a marking.

Definition 17. Let N be an Elementary Net System and let M be its incidence
matrix.
Avector J : T'— N is a T-invariant iff it is a solution of: M o J = 0.

An S-invariant is basic iff its coefficients are in {0,1}. An S-invariant is
monomarked iff it is basic and exactly one condition corresponding to a 1 in the
invariant belongs to the initial marking m.

2.3.1 Bisimulations for Elementary Net Systems

We consider now an equivalence notion [39], [46] and [35] that is based on the
observability of sequences of events. Initially, bisimulation has been defined in the
field of Transition Systems. The idea is that two systems are bisimilar if they allow



2.3. ELEMENTARY NET SYSTEMS 19

the same set of actions in related states. If we take into account the possibility that
some actions of the systems are invisible to an observer, the corresponding notion
is called weak bisimilarity, which will be used in the following.

Since the behaviour of Elementary Net Systems is modeled by Transition Sys-
tems, bisimilarity has been defined also for these models.

We define the observability of events of a system by using a labelling function
which associates the same label to different events, when viewed as equal by an
observer, and the label 7 to unobservable events. In order to capture the behaviour
that can be obtained through system observation, it is necessary to define a new
transition rule which takes into account only the images of observable events.

Definition 18. Ler N = (B, E, F,mq) be an Elementary Net System, | : E —
Lu{1} be alabelling function where L is the alphabet of observable actions and
T ¢ L the unobservable action. Let € denote the empty word in both E* and L*.
The function [ is extended to a homomorphism | : E* — L* in the following way:

I(e) =€
le)l(w) ifl(e)+T
I(w) ifl(e) =71

The pair (N, 1) is called Labelled Elementary Net System.
Let m,m’ € [mg) and a € L u{¢e} then:

Vee EVwe E* l(ew) = {

* a is enabled at m, denoted m (a), iff Jw € E* : [(w) = a and m [w);

* ifais enabled at m, then the occurrence of a can lead from m to m/, denoted
m (a)ym/, iff Jw € E* : l(w) = a and m [w) m/.

Bisimulation relations have been introduced as equivalence notions with re-
spect to event observation [29]. We define weak bisimulation as a relation be-
tween reachable markings of Labelled Elementary Net Systems. The initial mark-
ings must be related. Moreover, if one system is in a marking m and evolves to
another marking m’ with a sequence a of observable actions, it has to be possible
for the other system, that is in a marking ¢ bisimilar to m (¢ ~B15 m), to evolve
by means of a to a new marking ¢’ so that ¢’ ~B/5 m/ and vice versa.

Definition 19. Let N; = (B;, E;, Fi, m})) be an Elementary Net System for i = 1,2,
with the labelling function l; : E; — L u {r}. Then (Ny,l1) and (Na,lo) are
weakly bisimilar, denoted (N1,11) » (No, L), iff 3r € [m}) x [md) such that:

¢ (m(l), mg) er;



20 CHAPTER 2. BASIC DEFINITIONS

d
pre 0 pre
b, dy 9 b,
post d, post
(@) Ny (b) No

Figure 2.1: Two Nets
e V(my,my) €r,Yae Lu{e} it holds

VYmy :my (a)my = Imb :mg (a) my A (my,mh) er

and (vice versa)

Vmb : my (@) mb = Im) :my (a)ymi A (mi,mb) er
Such a relation r is called weak bisimulation.

For short, in the rest of the paper we will use the term bisimulation instead of
weak bisimulation.

As an example, consider the systems N; and N, of Fig. 2.1. The observ-
able actions are the ones on F,. As labelling function for N; consider a [; that
maps each event on the correspondent one in F, but for gy that is mapped on
7. As labelling function for NV, take the identity function. Using the mapping
({br,do},{bs}), ({br,d2},{br}), ({d1},2), these two systems are bisimilar. To
better understand the concept of the new transition rule, note that we can write
{br,do} (post) {d,} because we have {go,post} € E; such that lo({go,post}) =

post and {by,do} [{ g0, post}){d:}.

2.3.2 Occurrence Nets

Given a Net /V, if F™* is a partial order (the Net is acyclic), we can define other
interesting relations [2] [7] [16] [22] [37].

Causality coincide with F™* and can be characterised as the least transitive
relation <y over X such that if x € *y then = <y y and if x € y* then y <y . We
denote by <y the reflexive closure of <. Informally, x <) y means that the Net



2.3. ELEMENTARY NET SYSTEMS 21

contains a path with at least one arc leading from x to y. For any x € X we are
now able to define its past, x| = {y € X : y <y x}, and its future, [x] = {y € X :
x <y y}. Forxz,y e X,z <y, [z,y] denotes the closed interval between x and
y: [z,y] = {2z € X|x < z < y}; ]z, y[ denotes the open interval between x and
y: |z, y[ = {z € X|x < z < y}. We will also use the relation li defined as < U >,
where > is the inverse of <.

Let us proceed with the idea of conflict: x and y are in conflict if the Net con-
tains two paths leading to x and y which start at the same place b and immediately
diverge (although later on they can converge again).

Definition 20. Let N = (B, E, F') be a Net and let x,y € X. We say that x and
y are in conflict, denoted by x #x v, if there exist two distinct events e,, e, € E,
ez # €y, such that e; < x, e, <y, and *e; N °e, * .

Two elements, x and y, are concurrent, denoted by = co y, indicating that
x and y may occur at the same time in some reachable marking, if they neither
causally depend on nor conflict with each other, defined as: x co y iff —(x #x v)
and —~(z <y y) and -(y <y ).

We often drop the subscript N for the defined relations.

A subset of nodes X ¢ B pairwise concurrent will be called a co-set: Vz,y €
X,x co y. A co-set formed by elements of B will be called a B-co-set. A
maximal co-set with respect to set inclusion is called a cut.

Occurrence Nets are basically acyclic Nets where each condition is generated
by at most one event.

Definition 21. An Occurrence Net is a Net N satisfying:

1. every condition is generated by at most one event: Vey,es € E, if e;* ney® +
@ then ey = ey;

2. the Net is acyclic, or, equivalently, the causal relation < is a partial order;

3. each nodes is finitely preceded: || is finite for any x € X. This implies that
Va,y e X ¢ |[r,y]| < oo.

4. no node is in conflict with itself: #y is irreflexive,

5. the minimal elements with respect to <y form a B-co-set. This set is the
implicitly associated initial marking.

It is easy to see that any two nodes of an Occurrence Net are either in causal,
conflict, or concurrency relation.
A run represents a possible execution, where conflicts have been solved.
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Definition 22. A run R of an Occurrence Net N is a set of events satisfying the
two following properties:

* Ris causally left-closed: Vei,es € E:e1 € RAey<ep = eg€ R,
* Ris conflict-free: Vey,eq € R:—(e1 # e3).

We impose that the Nets we consider are 7'-restricted, as defined in the previ-
ous section.

For any subset A of elements of an Occurrence Net N = (B, E, F), by min(A)
we denote the minimal elements of A with respect to the causal relation <, i.e. the
elements that have an empty preset, as min(A) = {x € A:*xn A = g}, and by
max(A) the maximal elements of A, i.e. the elements that have an empty postset,
as max(A) = {r € A:2*n A = @}. When we consider the set X of nodes of a
Net, min(X') and max(.X') consist of conditions, since we consider 7 -restricted
Nets.

Let us define a subnet of an Occurrence Net generated by a subset of elements.

Definition 23. Let N = (B, E, F') be an Occurrence Net and let A € X.
We define N (A) as the Net generated by the nodes of A plus the neighbour-
hood of the events of A. Let By = (AnB)u*(AnE)*and E4=AnE:

N(A) = (BA,EA,FH(AXA))

It is easy to see that a subnet of an Occurrence Net is an Occurrence Net.

We are now ready to define the unfolding of an Elementary Net System. Let
us start with an informal definition. Consider an Elementary Net System N with
its initial marking my. It can be “unfolded” into labelled Occurrence Nets in an
operational way. Take the initial marking of /N. Then, add all the events enabled
and their postconditions. Continue in this way, creating a new copy of a node
each time you need to add it to the Occurrence Net. It is possible to stop at any
time, so creating different Occurrence Nets. The nodes of the Occurrence Net are
labelled with the conditions and events of the Net N. The labelled Occurrence
Nets obtained through unfolding of Nets are called processes. The unfolding pro-
cess can be stopped at different times yielding different processes, however there
is a unique, usually infinite, process obtained by unfolding “as much as possible”.
This process is called the unfolding of the Net System. Clearly, this process can
be infinite, generating an Occurrence Net that is infinite.

Hence, a process of N is an Occurrence Net whose elements can be mapped
to the elements of /V such that the requirements in the following definition are
satisfied.
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Definition 24. Let N = (B, E, F,mq) be an Elementary Net System, and Ny, =
(Bs, Es, F5) be an Occurrence Net (potentially infinite). Let 7 : Xy, » X be a
map.

The pair (Nyx, ) is a process of N if:

o 7 preserves the nature of nodes: m(Byx) € B, m(Ex) ¢ E;

* Ny, “starts” at the minimal elements of N:
7 restricted to min(Xy) is a bijection on my;

* for each e € Ey, T restricted to ®e is injective and T restricted to e® is
injective;

* T preserves the environments of transitions:
foreach e € By, w(%e) =*(m(e)) and w(e*) = (mw(e))".

The unfolding of an Elementary Net System NV, denoted by Unf(INV), is the
“maximal” process of [V, namely the unique process such that any other process
of N is isomorphic to a subnet of Unf(/N). The map associated to the unfolding
will be denoted u and called folding.

2.4 Elementary Transition Systems

The theory of Elementary Transition Systems and regions has been developed
in category context in [31]. Transition Systems consist of states and transitions.
Every state represents a global system state and every transition links global states.
Usually Transition Systems are based on actions which may be viewed as labelled
events. We will consider only finite models.

Definition 25. A Transition System is a quadruple T'S = (S, E, T, sq), where
» S is a non-empty and finite set of states,
» FE is a finite set of events, actions or labels,
o T c SxExS is the transition relation: a set of labelled edges or transitions,

* 59 € S is the initial state.

Let 'S = (S, E,T, sg) be a Transition System. When 7'S is clear from the
context we will often write s — s’ instead of (s,¢,s') € T. An event ¢ is enabled
at the state s (denoted s i) if there exists a state s’ such that s — s’.

From now on Transition Systems will be assumed to satisfy the following
axioms:
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(A1) loopfree: s S = 5%,
(A2) no multiple arcs: s L ns D s = e = eo,
(A3) reduced: Ve e F,3s,8'€ S:5— o,

(Ad) reachable: Vs € S\sg, Jeq, €1,...e,-1 € EAIPo, p1, ... pn €S :po = S0, pn =
§ AD; —> i1, 0 < i <

A region is a subset of states whose border is crossed in a uniform way by
transitions labelled with the same label.

Definition 26. Let T'S = (S, E, T, so) be a Transition System.
Then r € S is a region of T'S iff the following two conditions are satisfied:

e (sS5s'eT Anser ns¢r)= (Vs >s,eTisier A s, ¢r)
c(sSseT As¢ranser)y=>(Vsy>s,eT:s ¢r A sher)

S and & are particular regions called trivial regions.
Let Rpg denote the set of (non trivial) regions of T'S, and for each s € S let
Ry ={r|sere Rypg} denote the set of non trivial regions containing s.

It is possible to define pre and post-regions of an event.

Definition 27. Let T'S = (S, E, T, so) be a Transition System.
Then the pre and post-regions of an event are defined in the following sense:

Vee E,°e={reRpg|3s > s eT,serns ¢r}
VeeE,e®={reRpg|3s > s eT,s¢rns er}
Proposition 1. Let T'S = (S, E, T, s¢) be a Transition System.
o rC SisaregioniffT =S —ris a region;
e Vee E e ={F|re°e};
¢ 55> s',ce= Ry — Ry and e®° = Ry — R,.
Consequently °e € Ry and e° n Ry = @ and Ry = (R, — °e) U e®.

Let us define a particular subtype of Transition Systems, that respects two
constraints on regions.

Definition 28. The Transition System T'S = (S, E, T, so) is Elementary if it satis-
fies also these two regional axioms:
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(AS) state separation: Vs,s' € S,R; = Ry = s =35
(A6) forward closure: Vs e S,Vee E,°e C Ry, = s —.

The behaviour of Elementary Net Systems can be described by marking graphs,
which can be characterized as a subclass of Transition Systems. The marking
graph of an Elementary Net System is an Elementary Transition System (see

[31D.
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Chapter

Morphisms

Refinement and composition of modules are among the basic conceptual tools of
a system designer. Several formal approaches are available. One of the main chal-
lenges consists in developing languages and methods allowing to derive properties
of the refined or composed system from properties of the abstract system or the
components.

In this chapter we present different types of morphisms for refinement/abstraction.
These can also be used to relate two subsystems to a common interface in order
to properly compose the subsystems, as we will show in the next chapter.

Here, we present some already defined morphism and we define some new
morphisms for Elementary Net Systems (structural models), Occurrence Nets and
Elementary Transition Systems (behavioural models). At the end of the chapter
we present the relations between some of the categories introduced.

3.1 Elementary Net Systems

Using morphisms to formalize relations between a refined Net system and a more
abstract one is widely used in the literature. Most approaches, in Petri Net theory,
are based on transition refinement and, less frequently, on place refinement; for a
survey, see [10]. Another survey paper, [34], describes a set of techniques which
allow to refine transitions in Place/transition Nets, so that the relation between the
abstract Net and its refinement is given by a morphism. There, the emphasis is
on refinement rules that preserve specific behavioural properties, within the wider
context of general transformation rules on Nets.

A very general class of morphisms, interpreted as abstraction of system re-
quirements, with less focus on strict preservation of behavioural properties, is
defined in [15]. An attempt to define abstractions based on morphisms which pre-

27
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serve both structural and behavioural properties is described in [24] for Coloured
Petri Nets. These morphisms are consistent with an operation of composition of
nets.

In [32] a refinement operation is proposed on Transition Systems, however is
strictly related to refinement of local states in Nets, through the notion of region.

In this section, we start introducing some notions of morphisms already de-
fined in literature: Winskel morphisms [45] [33], N-morphisms [31] and N-
morphisms [38] [6]. We study the possibility of varying or restricting these defi-
nitions so to preserve and reflect properties of the related systems. We start work-
ing on N-morphisms forbidding to relate dependent elements to concurrent ones.
Next, we work on morphisms similar to the one of Winskel, introducing the idea
of subnet mapped on a single node. On this line, in Section 3.1.7, we present
one main results in this area: the definition of a-morphisms, and we show that
reachable markings are preserved. Moreover, we characterize the local conditions
under which reachable markings are reflected, and such that a-morphisms induce
a bisimulation between the related Net systems.

3.1.1 Winskel morphisms

Winskel morphisms are a very basic kind of morphisms and are defined in [45]
for general Net and in [33] for basic types of Net. These are behaviour preserving
morphisms, to be thought of as kinds of simulations.

Vogler [43] and Bednarczyk [27] defined the same variation of these mor-
phisms in two different period. However, their morphisms are more general than
the Winskel ones, hence their are not able to have other properties preserved and
reflected.

Definition 29. Ler N; = (B;, E;, F;,m{) be a contact-free EN System, fori =1, 2.
A Winskel morphism is a pair (3,n) : Ny - N, where:

e B € By x Byand 7' : By »>* By is a partial function;
e n: Fy —»* Es is a partial function;

B(m}) = m;

if n(ey) is undefined, then 5(®e1) = @ = 5(e1*);

* ifn(e1) = ey, then B(%e1) = *ez and B(e1*) = €.

Note that this kind of morphisms does not permit the classical folding, as is
illustrated in Fig. 3.1.

Winskel morphisms preserve reachable markings, as stated in the next propo-
sition [33].
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logipn’
€

v

Figure 3.1: Two Nets without a Winskel morphism

Proposition 2. Let N; = (B;, E;, F;, m{)) be an EN System, fori =1, 2.
Suppose (3,m) : N1 = Ns is a Winskel morphism.

o Ifmy[e1)m]in Ny and n(ey) € E then 5(my) [n(e1)) B(mY) in No.
* Ifmy[e1)m] in Ny and n(e) € By then $(my) = B(m}) in No.
o If*e;* n®el* =@ in Ny then *(n(er))* n*(n(e}))* = in Ns.

The Wisnkel morphisms are closed by composition, the identity function is a
Winskel morphism, and the composition is associative. Hence, the family of Ele-
mentary Net Systems together with Winkel morphisms forms a category denoted

N [33].

3.1.2 N-morphisms

Nielsen, Rozenberg and Thiagarajan [31] introduced a particular kind of mor-
phisms, N-morphisms, that can be seen like a behaviour preserving transforma-
tions hence corresponding to a form of partial simulation. /N-morphisms are a
modified form of Winskel morphisms presented in the previous section. The main
difference between them is, firstly, that Winskel morphisms demand the initial
cases to be correspondent while Nielsen, Rozenberg and Thiagarajan weakened
this assumption since they do not wish to permit isolated elements in the Nets.
The other difference is that they do not require the Net to be contact-free whereas
Winskel morphisms do.

Definition 30. Let N; = (B;, E;, F;, mg) be an Elementary Net System fori = 1,2.
An N-morphism from Ny to Ns is a pair ([3,7), where:
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~

. B € By x Byand 37! : By »* By is a partial function;

[\

. n: Ey —»* Es is a partial function;

“

V(bl,bg) (S ﬁ : bl € m(l) = bg € mg;
if n(ey) is undefined, then 5(*e1) = @ = 5(e1*);

ifn(e1) = ez, then (*e1) = *es and B(e1®) = e2°.

A

N

N-morphisms are behaviour preserving, as stated in the next proposition [31].

Proposition 3. Let N; = (B;, E;, F;, mg) be an Elementary Net System fori = 1,2
and let (8,n) : Ny — Ny be an N-morphism between them. Let fz: [m}) — 252,
be given by Ym € [m}), fa(m) = f(m) u (m2 - B(m})) then

o Vme[m}), fs(m) € [m3),

* suppose m[e)m’ then fz(m) = fs(m') in case n(e) is undefined, other-

wise, fa(m) [n(e)) fs(m").

In some sense, the morphisms are guided by the mapping on the events, as is
explained in the next proposition [31].

Proposition 4. Let (51,11) and (52,m2) be a pair of N-morphisms from Ny to No
where N; = (B;, E;, F;,m{) are Elementary Net Systems for i = 1,2. If n; = 1
then 51 = BQ.

The N-morphisms are closed by composition; the identity function 1y =
(idp,idg) is an N-morphisms where idg : B - B and idg : E — E are the
(total) identity functions; the composition is associative. Hence, the family of
Elementary Net Systems together with N-morphisms forms a category denoted

ENS[33].

3.1.3 N-morphisms

Bernardinello, Pomello et al. studied a more restricted version of N-morphisms:
N -morphism. These morphisms are introduced in [38] and studied in [6].

The basic idea is that N; can be seen like a refinement of N5, so it has to
maintain all the conditions and the events of /N, but it can add other behaviour
adding conditions and events. It is very important to take in mind that also this
kind of morphisms allow to relax some constraints. Instead of N-morphisms, N-
morphisms require 7 to be surjective and 5! to be a total and injective function,
that is equivalent to require S to be a partial, injective and surjective function. The
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a < ® )b @® )by
b, (@ b,
by c d d
b, bg
b < ® ) bg ® )b
(a) Ny (b) N2

Figure 3.2: An example of N -morphism

totality of 5! assures that every condition of N, must have a counterimage in Ny;
the surjectivity of 7 assures that every event of V5 can be splitted into more than
one event in N; but have to be part of the refined Petri Net. N -morphisms set
constraints on the pre and post conditions of an event but nothing is said about the
relation of the conditions which are not in the domain of /3.

Definition 31. Let N; = (B, E;, F;, m{)) be Elementary Net Systems fori = 1,2.
An N-morphism from Ny to Ny is an N-morphism ((3,n) with the following
restrictions:

1. 871 : By > By is a total and injective function. Note that this is equivalent
to say that B : By -* By is a partial, injective and surjective function;

2. nis surjective.

N -morphisms allow refining local states and adding constraints between events
but they do not allow to delete events and conditions of NV,. Fig. 3.2 shows an
example of N-morphism (elements with the same names are related by the maps
[ and n). As we can see N; has more constraints than /Vs.

The N -morphisms are closed by composition; the identity function 1y =
(idp,idg) is an N-morphisms where idg : B - B and idg : E - E are the
(total) identity functions; the composition is associative. Hence, the family of
Elementary Net Systems together with N -morphisms forms a category denoted
ENS . Note that EN'S is a subcategory of EN'S .

As we have seen before, N-morphism can be seen like a refinement/abstraction
[38].
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Proposition 5. Let Ny and N, be Elementary Net Systems and (53,n) be an N-
morphism from Ny to Ny. Let N| be the subnet of N, generated by the set of
conditions B} = B;71(Bs), and let simp(N]) be obtained from Ny by event simpli-
fication. Then simp(NY) is isomorphic to N.

N -morphisms are a special kind of N-morphisms so also them are “behaviour-
preserving” in a slightly different sense.

Proposition 6. Let N; = (B;, E;, F;,m}) be Elementary Net Systems for i = 1,2
and let (3,1) : Ni - Ny be an N-morphism. Let fs : [m}) — 2Bz, be given
by Ym € [mg), fs(m) = B(m) and Ym € [mg), f3'(m) = {mq € [mg) : my >
B=Y(m)}. Hold also that:

* Vme[mg), fp(m) € [mg),

* suppose m[e)m' then fz(m) = fz(m') in case n(e) is undefined, other-
wise, f2(m) [1(e)) f5(m").
Proof. By Prop. 3 we know that Vm € [m}), fa(m) = S(m) u (m2 - B(m})).
The constraint on the surjectivity of § assure that S(m{) = m2, so Vm €
[mg), f5(m) = B(m) and we can also write ¥m € [mg), fz'(m) = {m; € [m;) :
my 2 671 (m)}. &

As shown in [6], N-morphisms preserve some properties on invariants, as
stated in the next theorems.

S-invariants are reflected, that is: for each S-invariant of N, there is a corre-
sponding one in N;.

Theorem 1. Fori = 1,2, let N; = (B;, E;, F;,m{) be an Elementary Net System,
M, its incidence matrix and let (,1) : Ny = Ny be an N-morphism. Let M be
ordered so that we put rows corresponding to conditions in the range of f~' in
the first | Bs| positions of the incidence matrix of Ny. If Iy = (a1 . .. a|32‘), with
aj €N, is an S-invariant of N, then 1, = (caz ...y, 0...0) is an S-invariant
—
|B1]-|B2|
Ole.

As we can see in Fig. 3.3, I; = (01011) is an S-invariant of N, while the
vector I = (010), created from /; by deleting values related to the places without
an image in the right Net, is not an S-invariant of Ns.

T'-invariants are preserved by N-morphisms.

Theorem 2. Fori = 1,2, let N; = (B;, E;, F;,m{) be an Elementary Net System,
M, its incidence matrix (ordered as seen before); let (5,1n) : Ny - Ny be an
N-morphism and let 7y : By - N. If JT = (ri(ey)mi(e2)...7i(en)) is a T-
invariant for Ny, then J3 = (12(t1)72(t2) . .. 72(tm)) is a T-invariant for Ny, with
Tz(ti) = Zején_l(ti) T1(€j)f07' all t; € EQ.
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Figure 3.3: Two Nets related by an N -morphism

3.1.4 II-morphisms

—

N-morphisms are too much permissive relating Nets. As we have seen in the

previous section, they allow to add constraint that are not present in the second

Net, hence breaking the idea that the first Net is a refinement of the second one.
Let us start defining II-morphisms [26], a subclass of N -morphisms.

Definition 32. Ler N; = (B;, E;, Fi, m}) be Elementary Net Systems for i = 1,2.
Let (3,1) be N-morphism from Ny to Ny. Let G; =dom (n;) the set of mapped
events, and D; = {b € B;|b ¢ *(E; \ G;)*} the set of conditions with all neighbours
mapped by the morphism. Let us define reduced(Ny) s, = (Ds, Gy, F; 0 ((D; x
G;) U (Gix D;)),myn D).

A II-morphism from Ny to N, is an N—morphism (8,7), with the additional
constraint that reduced(Ny) g,y ~ No, that is reduced(Ny) (s, is isomorphic to
No.

With this morphism we do not allow to add direct constraints between events
of Ns. Butitis still possible to add a constraint if we encode it in a path containing
events not mapped. For example, /V; in Fig. 3.4 has a path from ¢ to e, while in
N5 the two events are independent (elements with the same names are related by
a II-morphism).

Proposition7. Let N; = (B;, E;, F;, m}y) be Elementary Net Systems fori=1...3.
Let (Bi,m;), with i = 1,2, be II-morphisms from N; to N;,. The function (3,n) :

Ny = N3 (B.n) = (B2:m2) © (B1,m) where 8 = 2051 and n = 1z 01y is a
[T-morphism.
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Figure 3.4: An example of II-morphism

Proof. We know that (,7) is an N-morphism, we have to prove that it satis-
fies the additional constraint that characterize II-morphisms. We know that N| =
reduced(N1) (g, ;) ~ N2 and reduced(N2) g, n,) ~ N3. From which reduced(Ny) s,
itis equivalent to reduced(reduced(N1) (8, m)) (Bo.a) ~ TedUCEd(N2) (8y1m5) ~ N3-

%

The IT-morphisms are closed by composition; the identity function 1y = (idg, idg)
is a [I-morphisms where idg : B — B and idg : ' — E are the (total) identity
functions; the composition is associative. Hence, the family of Elementary Net
Systems together with II-morphisms forms a category denoted EN Sty .

3.1.5 p-morphisms

Consider the Reachability Graphs of the two given Nets N; and N,. These are
Transition Systems and, as we will show in the next section, they are related
by morphisms as well as Elementary Net Systems. We want a morphism be-
tween Nets that assure the surjectivity between the Reachability Graphs, and II-
morphisms do not give us this assurance.
We now define morphisms different from the others previously seen, p-morphisms

[26]. p-morphisms are a subtype of the one defined in [15]. Let us consider, from
now on, only contact-free Nets.

Definition 33. Let N; = (B, E;, F;, m{)) be T-restricted Elementary Net Systems
1=1,2.
A p-morphisms from Ny to Ny is a surjective mapping p : X1 — Xo, such that:

1. for every edge (x,y) € Fy it holds:

* (z,y) e Fin(Bix Ey) = (p(x), p(y)) € Fan(Bax Ea) vp(x) = p(y

)
s (z,y) e in(E1x By) = (p(x), p(y)) € Fan(Eax Ba) Vv p(x) = p(y)
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2. Vb € By,by emy < p(by) eman 30, € By, p(b)) = p(by): every condition
in the initial marking of the refined Net has to be the only one mapped in an
initial condition of the abstract Net.

Note that p defines an equivalence relation on X and the equivalence class of
anode r € Xy is [x] = {y € X1|p(y) = p(x)}.

Note also that if a condition (event) = is mapped to an event (condition) y then
p(*zuz*) = {y}: this correspond in some sense to Def. 30, item 4. The difference
is that in /N-morphisms it is not recorded where each undefined element should be
mapped. So it is possible to have a sequence of nodes that are not all “implicitly”
mapped on the same node. For this reason, this morphism does not allow to add
new constraints between nodes of Ns.

Also, note that V(z,y) € Fis.t.p(x) # p(y) : p(x) € By < x € By Ap(y) €
By <y € By.

Finally, note that Def. 33, item 1 implies that the environment of each node
must be preserved or, at least, must implode in the node itself: p(x1) = xo =
p(*r1) = v Uy and p(11) = 29 = p(21°) = T2° U T3,

Proposition 8. Let N; = (B;, E;, F;, m}) be Elementary Net Systems fori=1...3.
Let p;, with i = 1,2, be p-morphisms from N; to N;,1. The function p : Ny - N3
p = P2 0 p1 is a p-morphism.

Proof. * We show the first part on arcs between conditions and events, the
proof on arcs between events and conditions is quite identical:

V(z,y) € F1 n (B x Ey) there are two possible cases:

= p1(x) = p1(y): hence pa(p1(x)) = p2(p1(y)):
- (p1(x), p1(y)) € Fon (By x Ey). We still have two possible cases:

# pa(p1(x)) = p2(p1(y));
# (pa(p1(2)), p2(p1(y))) € F3n (B3 x E3).

e Let us take a condition b; of B; such that b; € m(l]. Then, we know by

definition that b is an initial condition. Moreover, we also know by def-
inition that 2 b} € By, p(b}) = p(b1), hence in the equivalence class of b;
there is only one condition: b, itself. Moreover, in the equivalence class of
by there is only one node: b, itself. By contradiction, assume that e; is in
the equivalence class of b;. Since the Net is T-restricted, e; must have at
least one pre condition and one post condition, and b; cannot be the two of
them, because we work with Elementary Net Systems. Hence, by defini-
tion, the other condition must be in the equivalence class as well, and this is
a contradiction.
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Py deliver_request deliver_decision formal_check Faculty_decision

inspect_request

ask_certificate Po ask_admission Py ask_Faculty

Figure 3.5: Abstract view

Now, take b, and follow exactly the same reasoning: in the equivalence
class of b, there is only one nodes: b, itself.

Hence, p(b1) e min 30} € By, p(by) = p(by).

3.1.6 w-morphisms

The morphisms presented here allow to define a very general kind of refinement.
We allow to refine conditions of a Net substituting them with subnets. Hence,
when en event is mapped on a condition, also its environment should be mapped
on the same condition. On the other hand, when it is mapped on an event it should
have a corresponding environment. We do not impose particular constraints on
each subnet mapped on a single condition.

An example

The example presented here aims at explaining, informally, how w-morphisms
support refinement of local states in Elementary Net Systems. The morphisms
map nodes of a refined system on a more abstact one.

The Elementary Net System shown in Fig. 3.5 represents an abstract view of
the interaction between a student and an University secretariat office. A student
may ask the office either to emit an English proficiency certificate or to admit her
to the final exam.

Note that, at this level of abstraction, the model does not distinguish a positive
answer from a negative one. Suppose that the local state inspect_request corre-
sponds to the actual inspection of the request by a Faculty board, which delivers
the decision to the secretariat.

We might want to refine formal_check, in order to distinguish two cases: pos-
itive answer and negative answer.

The actual decision has been taken in state inspect_request, so the refinement
of formal_check requires splitting the event Faculty_decision, thus reflecting the
choice between the two answers.
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(p'l(formal_check)

: registrar_documents_ok

check_docuiments

docvljments_ok

registrar_documents_ko

ask_certificate Po ask_admission Py ask_Faculty inspect_request

Figure 3.6: Refined model

The result of the refinement is shown in Fig. 3.6, where the subnet refining
formal_check is enclosed in a shaded circle. Note that the operation has required
also splitting the outgoing transitions, in order to reflect the alternative outcomes.

Definitions

We present here the formal definition of w-morphisms [5] for State Machine De-
composable Elementary Net Systems (SMD-EN Systems).

Definition 34. Ler N; = (B, E;, F;,m{) be a SMD-EN System, fori = 1,2.
An w-morphism from Ny to Ny is a total surjective map ¢ : X1 - Xy such
that:

1. o(By) = By;

2. p(mg) =mg;

3. Vei e By, if p(er) € By, then o(%er) =*(p(e1)) and p(e1*) = (¢(e1))*;
4. Vey € Ey, if p(e1) € By, then (*e1*) = {p(e1)}.

Let us use the example shown in Fig. 3.7 to explain the constraints we use.

We require that the map is total and surjective because /V; refines the abstract
model N, and the map specifies the relation of any abstract element with its re-
finement. That relation is denoted by labels such that them identify the same node
or each node z;; of the refined Net is mapped on z; in the abstract Net.

In particular, a subset of nodes can be mapped on a single condition b, € By;
in this case, we call bubble the subnet identified by this subset, N (p~1(bs)); if
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Figure 3.7: An example of w-morphism

more than one element is mapped on by, we say that b, is refined by . In the
example we can see that the subnet closed in a gray oval is the bubble of b, then
by is refined by .

Note that Def. 34 point 2 assures that all conditions in the initial marking of
Nj are in the bubbles of the conditions in the initial marking of V5 and that each
mapped condition can be refined by a subnet with more than one token.

The last constraints are on events: when an event is external to a bubble it is
mapped on an event and its environment is preserved by (o, when it is internal to a
bubble, its environment is internal too.

So far we deal only with structural constraints. However, as we know, the
initial marking of a system has a big impact on its behaviour. Another important
constraint we impose is on the initial marking: it has to be made only by in-
conditions of the bubbles and it has to be reachable in some run of the system.

In case the morphism corresponds to the refinement of a marked condition, we
ask all the tokens of the corresponding bubble to be into in-conditions which are
post-conditions of a pre-event, if it exists. System /V; is then called well marked
with respect to .

Definition 35. Let ¢ : N - Ny be an w-morphism. System N; is well marked
with respect to p if for each by € By one of the following conditions hold:

e o U (by)nm} = 0r

* if *by # @ then there is e, € ™' (*by) such that p='(by) N m} = e1* or
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* if *by = @ then ¢~ (by) nmf = Op~1(by)

w-morphisms are closed by composition, the identity function on X is an w-
morphism, and the composition is associative. Hence, the family of SMD-EN
Systems together with w-morphisms forms a category.

Proposition 9. Let N; = (B;, E;, F;, m}) be a SMD-EN System fori=1...3. Let
i, With 1 = 1,2, be an w-morphism from N; to N, 1.
The map ¢ : Ny - N3, © = o 0 @1 is an w-morphism.

The proof is a simple verification.

The partition of the nodes of N; induced by an w-morphism ¢ : N; - N, can
be lifted to a Net structure: the set of nodes mapped to a place b becomes a place,
while the set of nodes mapped to an event e becomes an event; the flow relation is
defined in the obvious way.

Definition 36. Let N; = (B, E;, F;,m{)) be an SMD-EN System, for i = 1,2.
Let © be an w-morphism from Ny to No. Then  defines an equivalence rela-
tion on X1, where the equivalence class of x € X1 is [x] = {y € X1| ¢(v) = p(x)}.
The quotient of Ny with respect w is N1/ = (Bi/p, E1]e, File,m{]¢),
where

* Bifp={[z]:xeX1,p(z) € Ba};

* Eifp={[z]:xe Xy, 0(x) € Er};

* Fifo={([=z].ly]) s z.y e Xy, [2] # [y]. 3(z,y) e P}
* mg/e ={[x]: x emg}.

The resulting Net is isomorphic to N,.

Proposition 10. The quotient of N1, N1/, is an SMD-EN System isomorphic to
No.

Proof. Given the totality of the w-morphism, it determines a partition of the nodes
of N; and given the surjectivity of the c-morphism we have that the nodes of the
quotient are exactly the same of N,.

1. Every arrow of F/y is present in Fy: note that the arrows remained are not
the ones between nodes of the same equivalence class. So in F; /¢ there are
only arrows between nodes belonging to different equivalence classes. Let
us take one of these arrows: (x1,y1) € Fi/p hence (x1,y1) € F; and one of
the two nodes is an event and the other is a condition. For Def. 34 point 4
we know that the event is mapped on an event, so for point 3 we know that
o(®e1) = ey and p(e1®) = e2°*. Hence in N, we have an arrow between the
two nodes.
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2. Every arrow of F} is present in Fj/p: let us take one of these arrows:
(z2,y2) € Fy and one of the two nodes is an event and the other is a con-
dition. For the surjectivity of the w-morphism we know that at least an
event of V; is mapped on the event, and for Def. 34, point 3 we know that
p(®e1) = *eg and p(e1®) = ex®. Hence in Ny, for each inverse image of the
event, we have at least an inverse image of the other node in the neighbour-
hood of the event.

<

Given a w-morphism from N; to Ny, we identify particular conditions of Ny,
that make canonical the Net.

Definition 37. Let p : X; — X5 be an w-morphism from Ny to Ny. Given a
condition by € Bs, a condition by € p~'(bs) N By is said to be the representation of
by, denoted ry, (bs), iff:

® blem(1]©b26mg,'
o *by =1 (hy);

° bl. = @_l(bz.).
By definition of representation and by Def. 34 we get the following result.

Proposition 11. For every representation by =y, (bs), p(®b1) = *by and p(b1*) =
by

A system is canonical with respect to a morphism if it contains a single repre-
sentation for each condition of the abstract Net.

Definition 38. Let p : X; — X5 be an w-morphism from Ny to No. Ny is canonical
with respect to ¢ if for each by € Bs, there exists a unique by € p~'(by) N By that
is a representation of bs.

If V; is not canonical, it is always possible to construct its unique canonical
version, N¢, by adding the missing representations, and marking them as their
images, or by deleting the multiple ones.

Note that, adding these conditions we, potentially, change the behaviour of the
Net, as we can see in Fig. 3.8 adding the representation of b;. Note also that these
conditions constrain the behaviour of the Net, so we can say that between the case
graphs of N¢ and N, there is a G-morphism, as defined in Def. 48.

The set of all the representation of the system N is denoted by RS. The corre-
sponding morphism, (€, coincides with ¢, plus the mapping of the new conditions
on the corresponding conditions of Ns. It is easy to verify that the canonical ver-
sion of a system, with respect to an w-morphism to another SMD-EN Systems, is
unique up to isomorphisms.
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Figure 3.8: An example of w-morphism

Proposition 12. ¢C is an w-morphism from N¢ to Ny.

Proof. The defined map is a total surjective function from N¢ to N, by construc-
tion.
We have to prove all the constraints:

1: ©¢(B;) = By: given by construction;
2: ¢€(m}) =mi: given by construction;

3: lete; € Fy and let e5 € Es such that o€(e;) = ey. The pre and post events
of every new condition have a pre or post condition that is mapped on the
same condition of the second Net, hence ©p€(%e1) = *ey and ¢C(e1*) = e3°;

4: lete; € Ey and let by € By be such that ¢¢(e1) = by: this item is not modified
in €.

¢

In order to study the relations between a condition and its refinement, we need
to define the following auxiliary construction. Given an w-morphism ¢ : N; —
N5, and a condition by € B, with its refinement ¢~!(b), we define two new EN
Systems. The first one, denoted S;(b2), contains (a copy of) the refinement, its
pre and post-events in F; and two new conditions: b", which is pre of all the pre-
events, and b9"*, which is post of all the post-events. The initial marking of S (b2)
is {b"} or, if there are no pre events, the initial marking of the bubble in N;. The
second system, denoted Sy(by) contains by, its pre- and post-events and two new
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. deliver_decision_career_ko
. deliver_decision_documents_ko

out
O

Figure 3.9: S;(formal_check) of Fig. 3.6.

deliver_decision_receipt .

conditions: b, which is pre of all the pre-events, and b3, which is post of all the
post-events. The initial marking of Sy(bs) is {b5"} or, if there are no pre-events,
the initial marking of b,. Note that S5(bs) is an SMD-EN System.

Definition 39. Let o : N; - Ny be an w-morphism and by € Bs.
Construct two EN Systems, S1(bz) = (Bs1, Es1, Fs1,m3') and Sa(by) = (Bsa, Es2, Fsa, m3?),
in this way:
(p71(b2) n Byr) u{b3"'} if*by =@
Bg1 =4 (p7'(b2) n By) u {bi"} ifbe* =&
(¢7H(b2) N By) u{bi", b9%}  otherwise
Es1 = (o7 (b2) N E1) U (*ba) U~ (bo®);
FSI = (F1 N ((351 U ESI) X (ESI @] BSl))) @] Fg{ @] Fgwnft, where
Fg ={(b7"¢) e ep!(*b2)} and
B = (e, e € 971 (0]

ms! = my (b)) by =2

{bin} otherwise

{by, b3u} if*by =2
Bz = {02,035} ifb* =2

{by, b, b3ut}  otherwise
E‘S2 — ob20’.

. FSQ = (Fg N ((BSQ U ESQ) X (ESQ U Bsg))) U Fég U Fé«)gt, where
Fig = {(07,c) e € *bo) and F33t = {(e,b5") : e € by}
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Faculty_decision deliver_decision
in formal_check c
b, - b,

Figure 3.10: Sy(formal_check) of Fig. 3.5.

52 _ m%m{bQ} l:f'bgzg
0 {bi} otherwise

In Fig. 3.9 and 3.10 we show the two systems S;(b2) and Sy (b ) for the Nets
showed in the initial example with b, = formal_check.

Given an w-morphism ¢ from N; to Ny, we can define a new mapping, ¢,
from S1(b2) to Sa(b2), by restricting ¢ to the elements of S;(by), and extending
it with (b)) = bi* and % (b9“) = bg“'. Tt is easy to see that this is still an
w-morphism.

Relations with other approaches

The w-morphisms here defined are related to other more general morphisms as we
explain in the next paragraphs.

Relations with Winskel morphisms Given an w-morphism from N; to N, we
associate to it a Winskel morphism, as defined in Def. 29, from a net, obtained by
transforming /Ny, to Ny. This is done taking the canonical version of Ny, Nf, and
the corresponding morphism ¢¢. This is then divided in two morphisms, one on
the events and one on the conditions. The one on the conditions is restricted only
to the representations.

Proposition 13. (€ n (RS x By), ¢ n (ES x Ey)) is a Winskel morphism.
Proof. We have to prove that the pair (¢ n (RS x By), € n (ES x Ey)) respects
the constraints of a Winskel morphism. That is:
o o n (RS x By):
©€ n (RS x By) is a partial injective and surjective function from B to B,
for Def. 34, point 1 and for the canonicity of the Net. Its inverse is a total
function from B, to BY, and that is more than what we want to prove;
o o n(ES x Ey):
¢+ X¢ > X, is a total surjective function, ¢ n (ES x Fy) is a partial

surjective function for Def. 34, point 1, and that is more than what we want
to prove;
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o (¢€n (RS x By))(m}) =m?: this is given by Def. 34, point 2;
* Ve, € E; there are two possibilities:

— (¢°N(ES x Ey))(ep) is undefined (so, also its preset is undefined): this
is equivalent to say that p(e1) = by € By, hence for Def. 34, point 4 we
have that p(®e1*) = by. Hence *e;1°® € p~1(by). Hence these conditions
are not mapped by ¢€ n (RS x By), so (¢ n (RS x By))(%e) = @.
The proof for the postset is almost identical;

— (¢°n(ESx FEy))(e1) = eq: hence it is equivalent to say that ¢(e1) = ea.
For Def. 34, point 3 we have that p(*e;) = *((e1)). Moreover, we
know that for each condition in the preset of e; that is in a bubble, we
have also the representation as precondition of e;.

(e (Ef < E2))(e1)) =*(p(e1)) = p(*e1) = (¢°n (R x Ba))("e1).
The proof for the postset is almost identical.

Relations with N-morphisms The second type of relation we consider are with
N-morphisms, as defined in Def. 31.

Given an w-morphism from /Ny to N, we associate to it an N -morphism. This
is possible taking the canonical version of Ny, N¢, and the corresponding mor-
phism €. This is then divided in two morphisms, one on the events and one on
the conditions. The one on the conditions is restricted only to the representations.

Proposition 14. (€ n (RS x By), o€ n (ES x Ey)) is an N-morphism.

Proof. We have to prove that the pair (¢€ n (RS x By), ¢ n (ES x Fy)) respects
the constraints of an /N-morphism.
That is:

o ¢ : X¥ - X, is a total surjective function; ¢ n (RS x By) is a partial
injective and surjective function for Def. 34, point 1 and for the canonicity
of the Net. Its inverse is a total and injective function;

o o€ n (ES x E,) is a partial surjective function for Def. 34;

o let e, € EY such that (¢ n (EY x FEy))(e;) is undefined, this is equiv-
alent to say that ¢(e;) € Bs, hence for Def. 34, point 4 we have that
o(*e1*) = {p(e1)}, hence *e1* € Ni(p~'(p(e1))), hence these conditions
are not mapped by ¢¢ n (RS x By), and this is what we want to prove;
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o lete; € EY ey € Fy such that (€ n (ES x Ey))(e;) = e: hence p(ey) = es.
For Def. 34, point 3 we have that ¢(®e;) = ®es (and p(e1®) = e2°).

Let by € By such that by € (o€ n (RS x By))(°ey), hence there is a represen-
tation by € By such that by € *e; and (¢€ N (RS x By))(b1) = bo.

For Def. 37 we have that p(*by) = *by and ¢ (b1°*) = b*, hence b; € *es.

On the other direction, let b, € By such that b, € *e5, hence for the surjec-
tivity of the function there is a representation b, € B such that (¢€ n (RS x
B3))(b1) = by. For Def. 37 we have that b; € ®e;.

The proof for the postset is almost identical

o V(b1,b2) € (€ n (RS x By)) : [by € m} <> by € m2]: this is given by Def.
34, point 2 and by the totality and surjectivity.

3.1.7 a-morphisms

In this section we present the formal definition of a-morphisms [5], a subclass of
w-morphisms, for State Machine Decomposable Elementary Net Systems (SMD-
EN Systems), and discuss some of their properties, particularly with respect to the
preservation of both structural and behavioural properties.

Our approach is motivated by the attempt to define a refinement operation pre-
serving behavioural properties on the basis of structural and only local behavioural
constraints. The additional restrictions, with respect to general morphisms, aim,
on one hand, to capture typical features of refinements, and on the other hand
to ensure that some behavioural properties of the abstract model still hold in the
refined model.

The approach we present here is similar in spirit to the refinement operation
proposed in [32]. In that approach, refinement is defined on Transition Systems,
but is strictly related to refinement of local states in Nets, through the notion of
region.

We require that a bubble does not contain an initialization part; in Fig. 3.11b
we can see a refinement of the Net of Fig. 3.11a in which the bubble contains an
initialization part that will be executed only once. Moreover, each final marking
of the bubble must have all the possibilities the abstract condition has (for a coun-
terexample see Fig. 3.12a). We also do not want that a token can exit (enter) from
(in) the bubble before the bubble reach is end (after the bubble is already started)
and you can see a counterexample in Fig. 3.12b. Finally, we require that all the
pre and post-events of a bubble must be part of the same sequential component; a
counterexample is shown in Fig. 3.13.
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C d

d d
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a b

| r

(a) An Elementary Net System (b) Part of the bubble is not generated by one of the pre-
events of the bubble
Figure 3.11: A Net and one of its refinements

d

(a) Each final marking of the bubble has (b) The flow can exit from a condition that is not final
only part of the post-events of the ab- in the bubble
stract condition

Figure 3.12: Two refinements of the Net of Fig. 3.11a
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ap sS1L by

Figure 3.13: A refinements of the Net of Fig. 3.11a in which does not exist a
sequential component that contains all the pre and post events of the bubble of s

€, fl e, f2
RN
by by’ .....................................
b2
9 (b,)

Figure 3.14: Pre events of an in-condition

Definition 40. Let N; = (B;, E;, F;,m{) be a SMD-EN System, for i = 1,2.
An a-morphism from Ny to Ny is an w-morphism satisfying:

5. Vbz € BQ

(a) N1(p~1(ba)) is an acyclic Net;

(b) Vbl € ONl(QO_l(bQ)),QO(.bl) c .bQ and (.bg **FJ = .bl F @),'

(c) Vby e Ni(¢1(b2))O, (b1®) = ba®;

(d) Vbl € (,0_1([)2) N By,
(b1 £ ONi(p7(b2)) = (*br1) = {b2}) and (b1 ¢ Ni(p7'(b2))C =
@(b1*) = {ba2});

(e) Vb1 € o 1(be) N By, there is a sequential component Nsc of N such
that by € Bgc and (,0_1('b2°) c Fgc.
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Figure 3.15: Post events of an out-condition

Figure 3.16: Constraints on an internal condition

As we show also in Fig. 3.1.7 and 3.1.7, in-conditions and out-conditions
have different constraints, Sb and 5c respectively. As required by 5c¢, we do not
allow that choices, which are internal to a bubble, constrain a final marking of that
bubble: i.e., each out-condition of the bubble must have the same choices of the
condition it refines (even if these are only formal choices). Instead, pre-events do
not need this strict constraint (5b). For example, in this particular case, we know
that the choice between e; and f; of Fig. 3.1.7 is made before the bubble, and
this is implied also by the requirement 5e) on sequential components. Moreover,
the conditions that are internal to a bubble must have pre-events and post-events
which are all mapped to the refined condition b, as required by 5d, see also Fig.
3.16.

By constraint Se, the events in the neighbourhood of a bubble, as well as their
images, cannot be concurrent. However, within a bubble there can be concurrent
events. By the combined effect of 5a-5e, in any execution, when a post-event of a
bubble fires, in the next marking no local state within the bubble will be marked.

Note that cycles outside the bubbles are preserved and reflected by the mor-
phism: this is given by the finiteness of a Petri Net and by the constraints on the
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environment of a node.

The a-morphisms are closed by composition, the identity function on X is an
a-morphism, and the composition is associative. Hence, the family of SMD-EN
Systems together with a-morphisms forms a category denoted EN'S,, .

Proposition 15. Let N; = (B;, E;, F;,m})) be a SMD-EN System for i = 1...3.
Let p;, with 1 = 1,2, be an a-morphism from N; to N;,.
The map ¢ : Ny = N3, © = @9 0 1 is an a-morphism.

Proof. We know by Prop. 9 that ¢ is an w-morphism, so we have to prove the
additional items of the c-morphism (Def. 40):

5: let bg € Bg, by definition Nl((p_l(b3)) = Nl(gﬁ_l(bg)) = Nl(@Il(@il(bg)))
bl € Nl(gp’l(bg)), hence Elbg (S BQ : 901(61) = bg AN @Q(bg) = bg.

Sb: let by € ON;(¢~1(b3)), hence by € ON; (o1t (Da)).
We want to prove that by € O Ny(31(b3)). By contradiction, let ey €
*by and ¢y (e2) = bs. For Def. 40, point 5b *b; # @, then Je; € E; such
that e, € *b;. Given that by ¢ © No(05'(b3)), then for Def. 40, point 5d
©a(*b2) = {bs}. For Def. 34, point 3 we know that ;(e1) € *by, then
©(e1) = bs but this is a contradiction.
For Def. 40, point 5b:

* ©o(®be) C *b3 and if *b3 # & then *by # & and
o ©1(*by) S *by and if *by # @ then *b; + @.

Then we have ©(°b1) = wa(p1(*b1)) € wa(*b2) € *bs, and if *b3 + @
then *by # @ then *b; = &;

Sc: let by € Ni(¢71(b3))©, hence by € N1(p;1(b2))O. Given that ¢ is an
a-morphism, ¢ (b1*) = by°.
Now, we want to prove that by € Na(p5'(b3))©. By contradiction, let
e € by® and py(es) = bs. Given that g is an a-morphism, Je; € Ej,
such that ¢1(e;) = ey and e; € by*® but this is a contradiction since
b1 € N1(¢71(b3))©. Given that s is an a-morphism, o (b2*) = bs°.
Then p(b1°) = @2(p1(01°)) = p2(b2*) = bs®;

5d: let us start whit by € N1(¢1(b3)) n By and by ¢ ON(p~1(b3)).
Hence Je; € Fy :eq € *by Ap(er) = bs.
We want to show that each pre-event of b, is in the bubble. By con-
tradiction, assume that 3¢} € E; : e} € *by A p(e]) # bs. This implies
that ;1 (e]) # by, hence Jel, € Fy A Jefy € Es = p(e)) = wa(pi(e))) =
pa(eh) = ef Ael e by Ael e bs.
There are two cases:
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* by ¢ ONy(71(b3)), then for Def. 40, point 5d ¢2(*bs) = {b3} and
this is a contradiction;
* by € ONy(p71(b3)) then there are two cases:

— ¢1(e1) € By, then for Def. 34, point 4 pi(e1®) = p1(er),
hence pi(e1) = by and then by ¢ ON;(¢~1(b2)). Then for
Def. 40, point 5d ¢ (*by) = {b2}, hence ¢;(e]) = by and this
is a contradiction;

— ¢1(e1) = eq, then for Def. 34, point 3 ¢1(e1°) = ex* A by €
€2® A a(es) # by because by is an in-condition in the bubble
of b3. But then p(e1) = pa(p1(e1)) = pa(e2) # bz and this is
a contradiction.

For the conditions of the bubble that are not out-conditions the proof
is symmetrical;

Se: we want to prove that there exists a sequential component Ngo of Ny
such that b; € Bgc and =1 (*b3*) € Esc.
Take a sequential component of N3 that contains b3. Using Lemma
2 construct one sequential component of /N, containing b,. Using the
same Lemma construct one sequential component of N; containing b .

¢

Given that any a-morphism is an w-morphism, the constructions and results
stated for w-morphisms hold for a-morphisms. Note also that adding to N; the
representation of each condition does not modify the behaviour, because of the
constraint on sequential components. In this situation the representations, redun-
dant with respect to the behaviour, correspond to abstractions of subnets.

We have proved in the previous section that ¢ is an w-morphism from N¢
to No. Here, we need to prove that, if ¢ is an a-morphism, then € is also an
a-morphism, as needed in Section 5.1.2.

Proposition 16. Ler ¢ : N; — Ny be an a-morphism, then ©€ is an a-morphism
from N€ to N,.

Proof. We know that ¢C is an w-morphism, so we have to prove only the addi-
tional constraints of an cv-morphism:

5: let by € By, take N1 ((¢€)~1(bs)), then:

5a: Ni((¢€)71(by)) is an acyclic Net because is not modified in ¢€;

5b: let by € ON;((¢€)1(bs)): the only condition we have to check is the
representation and by Prop. 11 we know that ¢(*b;) = *by;
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Sc: let by € Ni((¢¢)~1(by))O: the only condition we have to check is the
representation and by Prop. 11 we know that ¢(b;*) = by®;

5d: letby € (¢¢)"1(by) N By,

(bi #ONL((¢9) 7 (b2) = @°(*b) = {b2}) and (by ¢ N1((#€)(82))O =
@€ (b1*) = {bs}): this item is not modified in ¢;

Se: Vby € p1(by) N By, there is a sequential component Ngc of N7 such
that b; € Bgc and ¢~ 1(*b2*) € Esc: the only condition we have to
check is the representation toghether with all the pre and post-events
of the bubble. Take the sequential component that contain one of the
other conditions of the bubble, delete all the nodes internal to the bub-
ble and add the representation: clearly this is a sequential component.

<

Note that dealing with a-morphisms, the systems S (b2 ) and Sz (b2 ) are SMD-
EN Systems and that ¢ is an a-morphism.

Properties preserved and reflected by a-morphisms

The idea driving our interpretation of a bubble is that the subnet corresponding to
a condition “behaves” in the same way as the condition it refines. In a SMD-EN
System, each condition at any time can be true or false. It is not possible that this
condition is partially true or partially false; hence, also the bubble should behave
like this. The next lemma states that firing an output event of a bubble empties the
bubble, and that no input event of a bubble is enabled whenever a token is inside
the bubble.

Lemma 1. Let N; = (B;, E;, F;,m{) be a SMD-EN System, for i = 1,2.
Let ¢ : Ny - N, be an a-morphism. Then:
1. no input event of a bubble is enabled whenever a token is inside the bubble:
Let e; € Ey,by € By: ey € o 1(*by); my,my € [m{): mq[e1)m) then
mi N (p_l(bQ) = .
2. firing an output event of a bubble empties the bubble:
Let e; € E1,by € By: ey € 71 (bo®); my,my € [mg): my[er)m], then

m’l N (,D_l(bg) = (.

Proof. Take a marking m; in which a condition b; € ¢~ (by) is marked.
We know by Def. 40, point Se) that there exists a sequential component Ng¢o
of N such that b; € Bgc and ¢=1(*bs®) € Esc.
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1. By contradiction, take e; € p~1(b9*) such that by ¢ ®e; and m; [e1); hence
all its preconditions are marked. Since Ngc contains e;, one of its pre-
conditions belongs to Ngc as well as by, this is a contradiction because the
sequential component has only one token.

2. By contradiction, take e; € ¢~1(*by) such that m; [e;); hence all its precon-
ditions are marked. Since Ng¢ contains ey, one of its preconditions belongs
to Ngc as well as by, and this is a contradiction because the sequential com-
ponent has only one token.

¢

We consider SMD-EN Systems, then it is natural to ask whether a-morphisms
preserve and reflect sequential components. Let ¢ be an a-morphism from N; to
N5. We know that, if a condition b, belongs to a sequential component, then also
its pre- and post-events belong to the same sequential component. Hence, if b,
is refined by a bubble, N;(p~1(bs)), by the requirement 5¢) of a-morphisms any
condition of the bubble belongs to a sequential component containing any event
in o~1(*by®). This allows one to say that the sequential components of N, are
reflected by ¢, in the sense that the inverse image of a sequential component is
covered by sequential components.

Lemma 2. Let ¢ : Ny > Ny be an a-morphism.

Let Ngco be a sequential component of No. Then ¢='(Ngc2) is covered by
sequential components, each one containing all the inverse image of the neigh-
bourhood of each condition of Ngco.

Proof. Let us assume that there is a unique condition of Ngco, bo, that is refined
by the morphism.

It is easy to see that ¢! (Ngco) is a subnet of Ny, and that it is isomorphic to
Ngco except for by and its neighbourhood.

Take by € p~'(by)nB;. For Def. 40, point 5¢ we know that there is a sequential
component Ngc1 of Ny such that by € Bgep and o= 1(*be*) € Escr.

Now build up a sequential component generated by ( Bsc, N~ (b2))up ™ (Bsc, ™
{b2}).

This procedure can be easily extended to the refinement of multiple conditions
by applying it to a single condition each time. &

Sequential components are not preserved, as we can see in Fig. 3.17. The se-
quential component of V; generated by {¢©~'(b;),b5_1, b1} is such that its image
{b1,bs, be} is not a sequential component of Ny.

Reflection of sequential components implies reflection of S-invariants.
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Figure 3.17: Two SMD-EN Systems related by an c.-morphism

Our morphisms can be seen like a special case of Winskel morphisms [45] and
defined for basic types of Net in [33], as we shall prove in Section 3.1.7. Then,
since Winskel morphisms preserve reachable markings, also a-morphisms do, as
stated in the following proposition.

Proposition 17. Let N; = (B;, E;, Fi, m}) be an EN System, for i = 1,2. Suppose
@ : N1 = Ny is an a-morphism.

o Ifmy[e)m]in Ny and o(e) € E5 then o(my) [p(e)) p(m]) in Na.
e Ifmy[e)m] in Ny and p(e) € By then p(my) = p(m}) in Na.
o If*e;*ncel* =@ in Ny then *(n(e1))* n*(n(e}))® = in No.

As for other morphisms in the literature, a-morphisms do not reflect reachable
markings. This fact can be caused by three main cases.

The first one happens when a condition is refined by a subnet leading to a
block before reaching a marking enabling out-events, as we can see in Fig. 3.18.

The second case happens when a condition of the bubble has “formally” the
same possibilities of the refined condition, but in fact some of this are dead or not
fireable, as we can see in Fig. 3.19, event e;5 and ey;.

The third case deals with the situation in which the refinements of conditions
“interfere” with each others so that, even if in each bubble a “final” local marking
is reached, the global marking doesn’t enable any event. That case is shown in
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Figure 3.19: Two SMD-EN Systems related by an c.-morphism.
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Figure 3.20: Two SMD-EN Systems related by an a.-morphism.

Fig. 3.20: any event in each bubble can fire, but /V; has two deadlocks: {p3, p6}
and {p4,p5}.

The three above cases suggest to require both that any condition is refined
by a subnet such that, when a final marking is reached, this one enables events
which correspond to the post-events of the refined condition; and also that differ-
ent refinements do not “interfere” each other. The first and second requirement is
guaranteed by switching to unfolding, the non interference is guaranteed when any
event of /Ny has at most a unique condition in its neighbourhood that is properly
refined in V;.

Then, let us deal with the unfolding of each bubble: if the map between the
unfolding of S;(b2) and S2(bs) is an c-morphism, then we are sure that when a
final marking is reached, this one enables events which correspond to the post-
events of the refined condition.

Let o : N; > N, be an a-morphism and ©° : S1(by) — Ss(by) as in Def.
39. By using °, consider two labelling functions /; and [, such that the events in
E, are all observable, i.e.: [5 is the identity function, and the invisible events of
S1(bs) are the ones mapped to conditions, i.e.:

p3(e) if p(e) € Esy
Vee Egi:li(e) = { otherwise

Let Unf (S1(b2)) be the unfolding of S; (b ) with folding function, u : Unf(S1(b2)) —
S1(bs). The following lemma shows that, if the map, ©° o u, obtained composing



56 CHAPTER 3. MORPHISMS

% with the folding v is an a-morphism, then S;(by) and S5 (by) are bisimilar.

Lemma 3. Let ¢ : Ny — Ny be an a-morphism, and ©° as in Def. 39. Let
Unf (S1(b2)) be the unfolding of Si(by) with u folding function. If ©° o u is an
a-morphism from Unf (S1(bz)) to Sa(b), thenr = {(my,¢%(m1)) : mq € [m§1)}
is a bisimulation, and (S1(b2),11) and (S1(bs), l2) are bisimilar.

Proof. Since ¢° is an a~-morphism, Prop. 17 assures that Sy(bs) simulates S; (b).
Then, we need only to prove that S;(by) simulates Sy(bs).
We prove that r is a bisimulation between (S;(b2), /1) and (S2(b2),[l2). The
reachable markings of Sa(by) are {{b5"}, {ba}, {b5%'}}, let us discuss the three set
of markings separately:

* the initial marking of S5(by) is m52 = {bi"} and it is related to the initial
marking of S;(bs), mgt = {bin}.

There are two possible cases:

— {5} [€) {bi"}: in S1(be) it is not possible to fire one of the pre-events
of the bubble, that are the one enabled in the initial marking, because
they are all labelled, so it is only possible to fire the empty word and
remain in the initial marking,

— {9} [a) {ba}: for the surjectivity of the a-morphism, in S;(b2) there
is, at least, one event mapped on a, let us call it a;. For Def. 34,
point 3, a; has an environment corresponding to the one of a, hence
{6} [ar) {m1} with ¥(my) = by. After this firing, all the events
internal to the bubble can freely fire because each one is mapped on
by, hence for Def. 34, point 4 the new marking is again related to {bs}.
It is not possible that a post-event of the bubble fires, because in that
case the visible action is not a;

e let (mq,{by}) € r such that my € o=1(by).

There are two possible cases:

— {ba} [€) {b2}: this part of the proof is equivalent to the last part of the
previous item,

— {b2} [a) {b5"*}: we prove my (a) {b9“'} by induction on the distance
between one of the initial marking of the bubble and m;.
base Jej € S1(by):%er =bi" Ae® =my.
Note that m; is generated, in the unfolding, by an event in conflict with

all the other pre-events of the bubble, hence all its future is completely
disjoint from the rest of the unfolding of the bubble. Def. 40, point
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5c assure that in its future there will be, at least, one event for each
post-events of by, hence it is possible to fire one event mapped on a,

induction let m; be a marking internal to the bubble such that
my (a), let mi, my [e1) m], be such that -(m] (a)). Hence e, is in
conflict with all the events with label a. Thus all the future of e; is
in conflict with all the events with label a. This is a contradiction be-
cause the morphism from the unfolding to S2(bs) assure that each run
ends in b9“* and Def. 40, point Sc assure that each out-condition of the
bubble should have a post-event with label a.

* the final marking of Sy(bs) is {b3“'} and it is related to the final marking of
S1(b2), {b3*}. Both are deadlock markings.

¢

The following proposition states the conditions under which reachable mark-
ings are reflected by a.-morphisms.

Proposition 18. Ler o : Ny - Ny be an a-morphism such that N, is well marked
w.rt. @ and ¢° o u be an a-morphism from Unf (S1(by)) to So(by) then, for all
my € [m2), there is my € [m}) such that p(my) = me.

Proof. We actually show a slightly stronger property, namely that m; can be cho-
sen so that its intersection with the set of conditions in the bubble refining by only
contains elements in (N7 (¢~1(by)))©. The proof is by induction on the length of
a firing sequence o from mZ to m.

Suppose |o| = 0. Then my = mZ. By definition, p(m}) = m2. If by ¢ mZ, then
mi N1 (by) = @. If by € m?, then we use Lemma 3 to reach in N; a marking in
the bubble of b, that contains only out-conditions, and we are done.

Suppose now |o| = n+ 1. Then we can write 0 = 01e2, with mg [o1) m2[ea)ma.
By the induction hypothesis, there is m1 € [m{) such that ¢(m]) = m? and m] n
7! (b2) € (N1(7!(02)))©.

Since ¢ is surjective, there is at least one event in £ that ¢ maps on ey. If
by ¢ *eq, then there exists e; € p~'(ez) such that m} [e;). If by € *ey, by Lemma 3
there exists e; € p~!(ey) such that m] [eq). &

Let N; = (B;, E;, F;, m{) be a SMD-EN System for ¢ = 1,2 and let ¢ : N —
N5 be an a-morphism. By using ¢, two labelling functions are defined such that
E are all observable, i.e.: [, is the identity function, and the invisible events of
N are the ones mapped to conditions, i.e.:

p(e) ifp(e) e by
Vee B : 11(6) = {T otherwise
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From Prop. 17 and Prop. 18 follows that N; and N, are bisimilar.

Proposition 19. Let ¢ : Ny - Ny be an a-morphism such that Ny is well marked
and % o u is an a-morphism from Unf(S1(bs)) to Sa(by) then, (Ny,l1) and
(Na, 1) are bisimilar (Ny,1;) ~ (Na,ls).

Prop. 18 and Prop. 19 are stated in the case in which only one condition is
refined, but they can be easily generalized to multiple refinements, provided that
in the neighbourhood of each event of N, there is, at most, one refined condition.
The examples in Fig. 3.20 show why this constraint is required.

Relations with other approaches

The a-morphisms here defined are related to other more general morphisms as we
explain in the next paragraphs.

Relations with Winskel morphisms Let us now study the relation between a-
morphisms and Winskel morphisms, as introduced in Def. 29.

In the previous section we proved that w-morphisms can be seen as Winskel
morphisms, if the refined system we are dealing with is canonical. An w-morphism
does not assure that a system and his canonical version have an isomorphic case
graph, so we are not able to say that w-morphisms can be seen as a special case of
Winskel morphisms.

Any a-morphism is an w-morphism. In the case of a-morphisms, adding to Ny
some representations of each condition does not modify the behaviour, because of
the constraint on sequential components, i.e.: condition 5e of Def. 40. Hence,
the result stated here holds for a-morphisms. In this sense, we consider them as a
special case of Winskel morphisms.

The converse is not true, as shown in Fig. 3.21 and 3.22, where a Winskel
morphism from N; to N, is given. In the first figure, the morphism shown is not
an « one, in the second figure it is easy to see that there is no a-morphism from
N 1 to NQ.

If we impose the totality and the surjectivity to Winskel morphisms, we obtain
a morphism without a lot of important features of the Winskel one. In the other
direction, comparing this to a-morphisms we lost the central feature of bubbles:
we can handle only bubble of conditions, loosing the possibility of mapping a
subnet on a condition.

Relations with N-morphisms The second type of relation we consider are with
N-morphisms, as defined in Def. 31.
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boﬂbz ......................................... ? b,
1 N,

Figure 3.22: An example of Winskel morphism which is not an a-morphism

In the previous section we prove that w-morphisms can be seen as N -morphisms
if the refined system we are dealing with is canonical. An w-morphism do not as-
sure that a system and his canonical version have an isomorphic case graph, so
we are not able to say that w-morphisms can be seen as a special case of N-
morphisms.

Any a-morphism is an w-morphism. Adding to /N; some representations does
not modify the behaviour, because of the constraint on sequential components.
Hence, the result stated here holds for a-morphisms. By these, we consider a-
morphism as a special case of N-morphisms.

The converse is not true, as shown in Fig. 3.23, where an N-morphism from
Nj to N is given by identical names of elements; it is easy to see that there is no
a-morphism from Ny to Ns, since there is no way to map b3 and bs.

3.2 Occurrence Nets

As we have seen in the previous section, using morphisms to formalize the relation
between two Nets is widely used in the literature.

Clearly it is possible to see an Occurrence Net as an Elementary Net System,
putting a token in each initial place of the Net. So, it is possible to use the mor-
phisms already defined also on Occurrence Nets. We can use the concurrency,
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Figure 3.23: An example of N -morphism which is not an a-morphism

conflict and causality relations to obtain simpler morphisms on Occurrence Nets
such that the same results obtained for Elementary Net Systems, as seen in the
previous section, still hold. Moreover, we want to relate morphisms between El-
ementary Net Systems with morphisms between their Unfoldings and vice versa,
so that we are able to obtain more behavioural properties relating only structural
models.

In the rest of this section, we present different notion of morphisms on Occur-
rence Nets and the properties they preserve/reflect.

3.2.1 N?)-morphisms

Let us define a morphism on Occurrence Nets taking advantage of the relations of
this kind of Net.

Definition 41. Let N; = (B;, E;, F;) be an Occurrence Net fori = 1,2.
An No-morphism from Ny to Ny is a map  such that:

1. p: X1 =% X, is a partial surjective function;

2. z <N, ¥y, then () <n, ©(y),

3. o(B1) = By,

4. if p(ey) is undefined, then p(*e,*) is undefined;

5. if o(ey) € Bo, then Vb € *e1®, o(b) = p(e1);
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6. if p(e1) = eq, then p(®e1) = *ey and p(e1®) = e2* and *e1* Cdom (),
7. Yby € By, take N1(¢p~1(bs)), then:

(a) Vby ¢ max(Ny), then | X, (,-1(by)) < 0

(b) Ybemin(Ny(p~1(b2))), p(*b) = *by;

(c) Vbe Ni(p71(bg)) : b ¢ max(N1(¢1(bs))), then o(b*) = by;
(d) Ybemax(Ni(p71(b))), p(b*) = by®;

(e) Vbemax(Ni(¢p1(b))),Vey €b®,3C < By:

Cisacut of Nyandbe C and CnNi(p~1(by)) € max(Ny (¢ 1(bs)))
and C' nmax(N1(¢71(b2))) € *ey.

N?)—morphisms allow refining local states with a subnet, they allow to map
two different events in one event only if they are concurrent or in conflict. So we
can see N; as a more detailed version of N, where we have refined conditions
with bubbles.

In the rest of the section we state properties on Nz—morphisms. In the follow-
ing let N; = (B;, F;, F;) be an Occurrence Net for i = 1,2 and let ¢ : Ny, then N
be an Np-morphism.

If a bubble is not infinite, then it is always possible to find a path from a nodes
internal to the bubble to a maximal node.

Proposition 20. Let us take N1(¢p=1(by)) with by € Bs.
|XN1(g0*1(b2))| < 00, then Vx € XNl(@—l(bQ)), Hy € maX(Nl(go‘l(bg))) ' SNl Y.

Proof. Let x € X, (4-1(b,))» W€ have:
e zemax(Ni(p~1(be)): take y = x, then x <y, z;

* = ¢ max(Ni(¢1(b2)): then 3z € Xy, (,-1(s,)) and z € z* and we should
continue until we find a condition that is maximal in the bubble. We know
that this maximal condition should exists because the bubble is finite.

¢

Let us show which kind of properties ]T]B—morphisms preserve and reflect.
Note that causality is preserved by definition. Moreover, causality is, in some
sense, reflected.

Proposition 21. Let us take xo, s € Xo, T2 <y, Yo, then Iz1,y1 € X7 : (1) = 29
and ©(y1) = y2 and 1 <N, Y1
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b, ?bo
X, #Y,->XCoy
e e, 1 2 e
Y1 Y2 y

Y1 # X5 -> Yy CO X
Figure 3.24: An example of Ng—morphism

Proof. We prove that by induction on the length of the interval between x5 and
Ya-

base case : | ]xo,ys[ | = 0 hence x5 € *y» and we have two different situation:

* 15 € Fy and y, € By: let us take y; € min( N1 (¢ (12))), for Def. 41,
point 7b we know that ©(*y;) = *yo hence 3x; € Fy : 21 € *y; and
p(x1) = T3

* 15 € By and ys € Fy: for Def. 41, point 7a we know that Ny (=1 (x2))
is finite, so it has at least a maximal condition. Let us take z; €
max (N (¢~ 1(x2))), for Def. 41, point 7d we know that ¢(x1°) = 22°
hence Jy; € Ey :yp € 21 and ©(y1) = yo.

induction step : | |xo, zo[ | =n and Jz1,21 € X : p(x1) = 22 and ¢(21) = 25 and
x1 <N, 21 now add the n + 1 step: 25 € *y. There are two different situation:

* 29 € Fy and y, € By: for Def. 41, point 6 we know that ¢(21°) = 25°
hence Jy; € By : 41 € 21* and ¢(y1) = yo;

* 23 € By and yy € Ey: for Def. 41, point 7a we know that N1 (¢~1(22))
is finite, so it has at least a maximal condition. For Prop. 20 we know
that Jv; € max(N,(¢1(22))) : 21 <n, v1. For Def. 41, point 7d we
know that p(v1*) = 22° hence Jy; € Ey :y1 € v1°* and p(y1) = 4.

¢

Conflict is not preserved, not even weakly (# u id). Fig. 3.24 shows an exam-
ple of ]%—morphism, where the map is given by the names. As we can see, in /V;
the nodes in conflict are (61, 62), (61, IL‘Q), (61, yg), (Il, 62), (ZL‘l, ZEQ), (1'1, yg), (’yl, 62),
(y1,%2), (y1,y2); in Ny there are not nodes in conflict. However, as an example,
x1 1s mapped on x and y, is mapped on y and these two nodes are concurrent.
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Now we state some closure properties of the bubbles created by the morphism.
Each node internal to a bubble, in particular not minimal (maximal), has a pre
(post) set internal to the bubble.

Proposition 22. Let us take N1(¢p~1(by)) with by € Bs.
Let € Xy, (o-1(by)), if ¢ § min(Ny(¢71(b2))), then Yy € *x, ¢(y) = bs.

Proof. Let x € Xy, (o-1(,)) and ¢ min(Ny (¢~1(b2)). We have:

e 1 € Bj: because IV, is an Occurrence Net 3le; € N; : e; = *x but since x is
not minimal in the bubble, e¢; € N1(¢~1(b2)) hence p(e1) = bo;

e z € E: for Def. 41, point 5 we have Vb € *z, o(b) = bs.

Proposition 23. Let us take N1(p=1(by)) with by € Bs.
Let © € X, (p-1(by)), if @ ¢ max(Ny (¢ (b)), then Yy € x°,p(y) = ba.

Proof. Let x € Xy, (,1(,)) and = ¢ max(N;(¢~(b2)). We have:

» € By: for Def. 41, point 7c we have ¢(z*) = by; we know also that, if Je; €
x* s.t. p(ey) is undefined, then p(®e;®) = @ and this is a contraddiction;

e z € Ey: for Def. 41, point 5 we have Vb € z*, o(b) = bs.

No-morphisms preserves and reflects minimal conditions.

Proposition 24. Let by € By such that by € min(Ny) and p(by) = by, then by €
min(Ny).

Proof. By contraddiction, let e; € *by. Given that b; € min(/NV; ), we know also that
b1 € min(N1(¢1(b2))). Then, for Def. 41, point 7b we know that ¢(*b1) = *by
but this is a contraddiction because b; € min(/N;) hence *b; = @. &

Proposition 25. Let by € By such that p(by) = by and by € min(N,), then o(|b1|) =
bo.

Proof. By contraddiction, let = € |b1] : ¢(z) # by and Jy € z* : p(y) = by. «
cannot be a condition for Def. 41, point 5 so it should be an event.
There are three possibilities:

* ¢(z) is undefined: but it is impossible because its post conditions should
not be mapped and one of them is mapped on bs;
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* p(x) = b, # by: but it is impossible because its post conditions should be
mapped on the same condition and one of them is mapped on bs;

* () = ey: we know that y € z* and p(y) = bo, then for Def. 41 point 6 we
have b, € e5*® but it is impossible because by € min(N,).

No-morphisms preserves and reflects maximal conditions.

Proposition 26. Let by € By such that by € max(Ny) and o(by) = by, then by €
max(Ny).

Proof. By contraddiction, let e; € by®. Given that b; € max(/N;), we know also
that b; € max(Ny(¢1(b2))). Then, for Def. 41, point 7d we know that p(b;°) =
by® but this is a contraddiction because b; € max(/N;) hence b;* = @. &

Proposition 27. Let by € By such that o(by) = by and by € max(Ny), then
@(fbr]) = ba.

Proof. By contraddiction, let x € [by] : ¢(z) # by and Jy € *z : p(y) = by. x
cannot be a condition for Def. 41, point 5 so it should be an event.
There are three possibilities:

* ¢(z) is undefined: but it is impossible because its pre conditions should not
be mapped and one of them is mapped on bs;

* p(x) = b, # by: but it is impossible because its pre conditions should be
mapped on the same condition and one of them is mapped on bs;

* o(x) = ey: we know that y € *x and p(y) = bo, then for Def. 41 point 6 we
have b, € *e5 but it is impossible because by € max(N,).

——
3.2.2 Np-morphisms

Let us define another morphism on Occurrence Nets that it is stricter than the
previous one.

Definition 42. Let N; = (B;, E;, F};) be an Occurrence Net fori = 1, 2.

—

An Ngo -morphism from Ny to Ny is a map  such that:

1. ¢: Xy ->* Xy is a partial surjective function;
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2. x <N, ¥y, then () <n, p(y),

3. x con, y, then p(z) con, p(y) or o(z) = p(y),

4. p(By) = By,

5. if p(ey) is undefined, then p(*e1*) is undefined;

6. if p(e1) € Bo, then p(*e1®) = p(e1) and *e,* cdom (p);

7. if (e1) = eq, then p(®e1) = *es and p(e1*) = e3® and *e;® cdom (p);
8. Vby € By, take N1(p71(b2)), then:

(a) Vby ¢ max(Ny), then | Xy, (,-1(by)) < 00;

(b) Ybemin(Ni(¢p=1(b2))),p(*b) = *by;

(c) Vbe Ni(p7' (b)) : b ¢ max(Ni(p~1(b2))), then p(b%) = by;
(d) Ybemax(Ny(©71(b2))),o(b*) = by;

—— - —_——
The only difference between Ny -morphisms and Np-morphisms is that N -

morphisms ask for the co-preservation while No-morphisms constrain on the re-

lation between maximal places of each bubble and its post-events.
—_——

In the rest of the section we state properties on Ny -morphisms.
——

No -morphisms implies ]%-morphisms.

Proposition 28. Let N; = (B, E;, F;) be an Occurrence Net for i = 1,2 and let
—_——

@ : N1 = Ny be an No-morphism. ¢ is an No-morphisms.

Proof. We have to prove that x coy, y, then p(z) coy, ¢(y) or ¢(z) = ¢(y) im-
plies Vby € Bo, Vb € max(Ni (¢~ 1(bg))), Ve, € b*,3C € By : C'is a cut of Ny and
beCand Cn Ny(p (b)) € max(Ni(p~t(b2))) and C' nmax(Ny(p1(bs))) €

.61.

N2 Let us take a by € By : by ¢

max(N3), hence there is an ey € Fy

b b b such that ey € by®. Let us take b, €
° ! *| max(N;(¢1(by)), then for Def.
42, point 8d there is an ey € E such

ey e, e, that € € bo. and 90(60) = €9.
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By contradiction, suppose that there exists no cut of /V; such that by € C' and
C'n Ni(p71(b2)) € max(Ny(¢~1(b2))) and C nmax(Ni(¢~1(b2))) S *e1. So,
it must exists a by € N1(¢~!(b2)) such that b; co by and b; € max(N;(p1(b2)))
and by ¢ *eq. Then, for Def. 42, point 8d we know that Je; € F and e; € by* and
p(er) = es.

Now, we can say that b, coy, e; (and also b; coy, ep). But this it is a
——

contradiction because p(by) = by <y, €2 = p(e;1) but the Ny -morphism is co-
preserving. &

In the following let N; = (B;, E;, F;) be an Occurrence Net for i = 1,2 and let
——

@ : N1 = Ny be an Ny -morphism.
The set of events that are mapped on the same event is a #-set.

Proposition 29. Let e, € s, then p=1(es) is a #-set.

Proof. Let us take e5 € Fy, eg, e € E1: p(eg) = o(e1) = es.

N1 N2
For Def. 42, point 7 we
Po °1 & know that p(®ep) = ¢(%e1) =
*ey and p(e®) = ¢(e1®) =
o o o es* and *ep® cdom (y) and
0 1 2
*e;® cdom ().

By contradiction, there are two cases:

* ¢o li e;: assume that ey < e;. Let us take ]eg,eq[. It is impossible that
©(]Jeo, e1]) is a single condition b, because in that case b € *ey and b € ey®
and this is impossible. So, there must be an event e € Jeg, e1[ : ¢(Jeg, e[) =
bs and p(Je,e1][) = by and p(e) # es. Moreover, p(e) cannot be unde-
fined, because in that case its neighbourhood must be undefined, but the
neighbourhood of ey and e; must not. For the li-preservation we have that
eo <y, € <y, €1, then p(eg) = es <n, w(€) <n, €2 = p(er) and this is
impossible.

* ¢y co e;: there must be an by € Ey : by € ®eg. Let ¢(by) = by, for Def. 42,
point 7 we know that by € *e5. Clearly, by co e; but ¢(by) = by <y, @(e1)
and this is impossible.
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¢
A run is mapped on a run.
Proposition 30. Let R, € X be a run of Ny, then ¢(Ry) is a run of N.
——
Proof. This is given by the fact that a run is a clique of li U co and an N -
morphism is li-preserving and co-preserving. &

Let us now define the composite morphism.

Proposition 31. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1...3. Let
—
v With 1 =1,2, be an N -morphism from N; to N;,4.
—

The map ¢ : N1 - N3 defined as p = py 0 @1 is an No -morphism.

——
Proof. We have to prove all the conditions of an Ny -morphism:

1: ¢: X, —»* Xjisapartial surjective function: given by the composition of two
partial surjective functions;

2: x <y, y: given by the composition of two monotone functions;
3: z coy, ¥, there are two possibilities:

* ¢1(x) con, ¢1(y), there are two cases:

— p2(p1(x)) con, pa(wi(y)) or
- p2(p1(2)) = pa(p1(y))s

* ¢1(x) = p1(y) hence v2(p1(2)) = 2(e1(y));
4: (B;) = Bs: given by the composition;
5: let p(ep) is undefined, there are three cases:

* ¢1(ep) is undefined then ¢ (%e1) = @ = v1(e1*) and (@) = ;
* ¢1(eq) = bo, then p1(®ey) = by = p1(e1°*) and p2(bs) is undefined;

b @1(61) = €9, then 301('61) = '62 and @1(61.) = 62. and @2(62) is
undefined then ¢y (%es) = @ = pa(€2°);

6: let p(eq) € Bs, there are two cases:

o @1(61) = bQ, then @1(.61.) = b2 and *eq® cdom (gOl) and g02(b2) = bg;
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o @1(61) = €9, then @1('61) = %ey and @1(61.) = eo° and ‘el cdom
(1) and 2 (eq) = by, then o (*e2*) = bs;

7: letp(er) = es, then Jez € By p(er) = pa(ipi(er)) = pales) = es.
p1(e1) = e, then p1(®e;) = *ey and py1(e1®) = e2* and *e;* Cdom (py).
wa(e2) = e3, then po(®ey) = *e3 and pa(e2®) = e3* and *ex® Cdom ((p3).

By these, we have ¢(%e;1) = @a(p1(®e1)) = wo(®e2) = ®e3 and @(e;®) =
p2(p1(e1®)) = pa(ea®) = €5°.

By contraddiction, let by € By,b; € ®e1® : by ¢dom (). Then it should be
that o, (b;) is undefined but this is a contradiction because we know that
*e1* cdom () or that p1(by) = by € By such that by € *e5® and @o(by) is
undefined but this is a contradiction because we know that *e;* cdom ((p2).

8: Let b3 € Bs, and take Ni(¢~1(b3)).
Let bl € Nl(gpfl(bg)) hence E|b2 € BQ : gOl(bl) = b2 and QOQ(bQ) = bg.

8a: b3 ¢ max(N3) hence [ Xy, (y-1(sy))| < 00. Moreover ez € Ej : by €
*e3. For Def. 42, point 8d Vby € max(Na(p5'(b3))), o (b2®) = bs®
and this means that these conditions are not maximal in N5. Hence
| XN, (971 (5))| < 00, then N1(p~"(b3)) is the sum of finite set, that is a
finite set: | X, (4-1(bg))| < 003

8b: let by € min(Ni(¢'(b3))), then for Prop. 24 we know that by €
min( N2 (@51 (b3))), and then for Def. 42, point 8b we have o (*bs) =
*bs.
Given that b; € min(N;(p~'(b3))) it easy to see that b; € min( Ny (71 (b2))),
then for Def. 42, point 8b we have 1 (*b;) = *bs.
Hence ¢(*b1) = @2(01(*b1)) = 2(°b2) = *bs.

8c: let by € Ni(¢~1(b3)) such that by ¢ max(N;(¢~(b3))). Hence Je; €
El teq € bl. and ()0(61) = b3.
By contradiction, assume that 3¢} € E : e; € by* and ¢(ey) # bs. For
Def. 42, point 5 we know that this event is in the domain of the func-
tion. This implies that 3e}, € E5 and ey € E5 : p(e]) = pa(p1(e))) =
©2(eh) = e} and For Def. 42, point 7 we have that e, € by* and €} € b3°.
There are two possibilities:

* by ¢ max(Na(p51(b3))), then for Def. 42, point 8c ¢ (by®) = bs,
then o, (€}) = bs and this is a contradiction;

* by e max(Nao(p3'(bs))) then, for Prop. 27 we know that ¢y ([b1]n
Nl(gﬁ_l(bg))) = bz. Hence, @1(61) = b2. Hence, b1 ¢ maX(Nl(goil(bg)))
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Hence, for Def. 42, point 8¢ we know that p(b,*) = by, hence
¢1(€e}) = by but this is a contradiction.

8d: let by € max(N;(¢~1(b3))). Then, for Prop. 26, we know that b, €
max (N1 (31 (b3))), hence pa(be*) = bse.
Since by € max(N1(p~1(b3))) itis easy to see that b; € max(N; (¢ (b2))),
hence p1(b1®) = b".

Then we have QO(bl.) = @2(901([)1.)) = @Q(bg.) = bg..

3.2.3 O-morphisms

Let us define another morphism on Occurrence Nets that it is the total version of
the previous one.

Definition 43. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1,2.

—
a 0-morphism from Ny to Ny is an N -morphism with the additional restric-

tion that ¢ : X1 - X5 is a total surjective function.

Let us rewrite the complete definition of #-morphisms.

Definition 44. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1,2.
a 0-morphism from Ny to Ny is is a map ¢ such that:

1. ¢: X4 - Xy is atotal surjective function;

2. <N, Y, then p(x) <n, ©(y);

3. @ con, y, then p(x) con, ©(y) or p(x) = p(y);
4. p(B1) = By;

5. if p(er) € Bo, then p(*e1®) = p(e1);

6. if p(e1) = eo, then p(*e1) = *es and p(e1®) = e2°;
7. Vby € By, take N1(p~1(b2)), then:

(a) Vby ¢ max(Nz), then | X n, (1)) < 00;

(b) Ybemin(Ni(¢p=1(b2))), p(°b) = *by;

(c) Vbe Ni(p71(by)) : b ¢ max(Ni(¢p~1(b2))), then p(b®) = bo;
(d) Ybemax(Ni(p=1(b2)),(b*) = by*.
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C2
€1 €2

(a) (b)
Figure 3.25: Examples of §-morphisms

li and co u id are preserved by definition of the morphism.

The map ¢ = {(bl, bg), (60, 62), (61, 62), (CH, Cg), (012, CQ)} between N1 and
N, shown in Fig. 3.25a is a f-morphism. As we can see # is not preserved:
ci1 # epbut o(ciy) = o liex = p(er).

The map ¢ = {(b11,b2), (€o1,2), (€02, b2), (b12,b2), (b13, ba), (€1, €2), (c1,¢2)}
between Ny and N, shown in Fig. 3.25b is a #-morphism. Note that co does not
imply point 7a of Def. 44.

We assume now that the Occurrence Nets we deal with are finite. We are then
able to define the morphism in a more compact way.

Definition 45. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1, 2.
A 0-morphism from Ny to N, is a map p such that:

1. ¢: Xy - Xy is a total surjective function;

2. x <N, y, then p(x) <n, ©(y);

3. x coy, y, then p(x) con, p(y) or p(x) = p(y);
4. p(By) = By,

5. ifp(er) € By, then p(*e1*) = p(e1);

6. if p(e1) = eq, then p(®e1) = *ez and p(e1®) = €2°;
7. Vby € By, take N1(p~1(b2)), then:
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(a) Ybemin(Ny(p71(b2))), o(*b) = *bo;
(b) Vbe Ni(o (b)) : b ¢ max(Ny (¢~ 1(b2))), then o(b*) = by;
(c) Vbemax(Ni(p1(b2))),(b*) = by*.

As we stated before, the existence of a morphism between two Nets leads to
the recognition of bubbles. Moreover, it is possible to partition every bubble into
sub-bubbles, each associated to one of the events that are mapped on the unique
pre event of the refined condition. Let us define in a more formal way bubbles and
sub-bubbles.

Definition 46. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1,2 and let
@ : Ny > Ny be a 0-morphism.

For each condition by € By the bubble of b is given by the counterimage of by:
Ni(p7(b2)).

The representation of by, denoted 7y, (bs), is a condition by of Ny that respect
the following constraint: by € min(N1(¢~1(b2))) nmax(N1(p~1(bs))).

For each condition by € By that is not minimal in Ny and for each ey € o=(*bs)
the sub-bubble of by associated to ey is given by the subnet of the bubble of by that
is in the future of e1: N1((¢71(b2)) nler])-

As we saw before, a set of events mapped on the same event is a #-set: by
this, we infer that every sub-bubble is disjoint from the others and that dividing a
bubble in sub-bubbles is like partitioning the bubble.

Let us now define the composite morphism.

Proposition 32. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1...3. Let
i, with i = 1,2, be a 0-morphism from N; to N;,4.
The map ¢ : Ny - N3 with ¢ = 5 0 1 is a O-morphism.
—_——
The proof follow by the proof of composition of Ny -morphisms, Prop. 31.
An Occurrence Net is canonical with respect to a morphism if it contains a
single representation for each condition of the abstract Net.

Definition 47. Let N; = (B;, E;, F;) be an Occurrence Net for i = 1,2 and let
@ : Ny, then Ny be a 6-morphism.

N is canonical with respect to ¢ if for each by € Bs, there exists a unique by
in each sub-bubble that is a representation of b,.

If V; is not canonical, it is always possible to construct its unique canonical
version, N¢, by adding the missing representations or by deleting the multiple
ones. It is easy to verify that the canonical version of a system, with respect to an
f-morphism to another Occurrence Net, is unique up to isomorphisms.

We list here an algorithm to do this:
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Algorithm 1. B = By, F = Fi; 0% =
Vb, € By
Vei € o 1(*by) (note that e, € E1U the initial event, the one that “gen-
erate” the Occurrence Net)
if b1 € By : by € (min(Ni((¢7'(b2)) N ex])) nmax(Ni((¢~(b2))
[e1]))) then
B+ = b2(e1)
ife; € B then
F+= (61, b2(el))
P+ = (b2(e1), bs)
Ve, € (max(Ni((p~(b2)) nler])))®
F+ = (b2(61)’ ep)

The corresponding morphism, ¢°, coincides with (, plus the mapping of the
new conditions on the corresponding conditions of /V,.

Proposition 33. € is a 0-morphism from N¢ to N,.
Proof. We have to prove all the constraints:
1: ¢°: X, - X, is a total surjective function by construction;

2: 1z <y, y, then ©€(z) <y, ¢°(y): every representation we add is resuming an
“hidden” relation of dependency between the pre event of a sub-bubble and
its post events;

3: x cop, y, then () con, ¢C(y) or ¢€(x) = ¢C(y): every representation we
add is co with the other elements of its sub-bubble and both are mapped on
the same condition. By this we preserve the same co relations;

4: ©¢(By) = By: given by construction;

5: lete; € By and let by € By such that ¢€(ey) = by: this item is not modified in

€.

6: lete; € E and let e; € Ey such that ¢€(e;) = ey the pre and post events of
every new condition have a pre or post condition that is mapped on the same
condition of the second Net, hence ¢€(*e1) = *ey and ¢€(e1*) = e3*;

7: Vby € By, take N1 ((¢€)"1(bs)), then:

7a: let b e min(Ny((¢€)71(b2))), p€(°b) = *bs: given by construction;

7b: letbe Ni((¢€)~1(b2)) : b ¢ max(Ni((¢€)~1(ba))), then pC€(b*) = by:
not modified in this new mapping;



3.3. ELEMENTARY TRANSITION SYSTEMS 73

Te: let b e max(Ni((¢¢)1(b2))), ¢C(b*) = by®: given by construction.

3.3 Elementary Transition Systems

Using morphisms to formalize the relation between two Systems is widely used
in the literature, also if the Systems are represented by Transition Systems.

We start recalling G-morphisms [31], a behaviour preserving morphism be-
tween Elementary Transition Systems. We recall then @—morphisms [38], that
differ from the former asking for the surjectivity on states and transitions. This is
required to interpret the morphism as a refinement of the codomain system. We
define a more restrictive version of @—morphisms, called I'-morphisms, that take
in to account also the relations between states and transitions. ['-morphisms do not
allow to map pairs of dependent events into pair of independent events. Moreover,
we want to relate morphisms between Elementary Net Systems with morphisms
between the associated Elementary Transition Systems and vice versa, so that we
are able to obtain more behavioural properties relating only structural models.

In the rest of this section, we present different notion of morphisms on Ele-
mentary Transition Systems and the properties they preserve/reflect.

3.3.1 G-morphisms

Relations between Elementary Transition Systems have been studied in [31] and
can be expressed by G-morphisms that bind systems preserving their behaviour.

Definition 48. Let T'S; = (S;, E;, T}, sby) be an Elementary Transition System for
i=1,2.

A G-morphism from TSy to T'Sy is a pair (f,qg), where f : S; — Ss, and
g : By —»* Ey is a partial function, such that:

1. f(s0) = st
2. ifg(e1) is undefined, then ¥ (s,eq,s") € T1, f(s) = f(s');
3. ifdes e Ey:g(ey) = eq, then V(s,e1,s") € T1,3(f(s),e2, f(s")) € To.

The idea is that 7.5, is capable of "partially simulating” 7'S; as specified by f.
If the event e; is mapped on the event ey, T'S, simulate 7S, executing this event
when the first system execute e;. The simulation is partial means that some events
of T'Sy is not seen by T'Ss, then if (s, ¢e,s’) € T} and e fires in T'Sy, T'S, does not
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change its state: f(s) = f(s’). Moreover, all the occurrences of an event should
be simulated in an uniform manner.
Note that the map on states determines the map on events.

Proposition 34. Let T'S, and T'S; be two Elementary Transition Systems and
(f,g) and (f',g") two G-morphisms from T'S, to T'Sy such that g = ¢'.
Then f = f'.

A basic property of G-morphisms is that they preserve regions in the sense
that the inverse image of a region of 7'S, is a region in 7'S;. The inverse image
of a region 75 of 1S, is a pre-region (post-region) of an event e; iff e; is in the
domain of g and r» is a pre-region (post-region) of the image of e;.

Proposition 35. Let T'S; = (S;, E;, T}, si)) be an Elementary Transition System for
i=1,2and (f,qg) be a G-morphism from T'Sy to T S,.
If we take ry € Sy region of T'Ss, then f~1(rq) is a region in T S;.
Furthermore, for every ey € Ey, f~1(rs) € °e1(e1°) iff Jeq € Eo, g(e1) = €3 and
o € °e(€9°), respectively.

It is possible to define the composition of two G-morphisms in the usual way.

Proposition 36. Let T'S; = (S, E;, T}, si)) be Elementary Transition Systems for
i=1...3. Let (f;, g;) be a G-morphism from T'S; to T'S;1 fori=1,2.
The function (f,g) : T'S1 - T'S3 (f,9) = (f2,92) o (f1,91) where f = fa0 fi

and g = g o g1 is a G-morphism.

Let £7 S denote the category whose objects are Elementary Transition Sys-
tems and whose arrows are GG-morphisms. For each object T'S = (S, E, T, s¢) let
17s = (idg, idg) be the identity morphism where idg : S — S and idg : E — F are
the (total) identity functions. For (fi,g1) : T'S1 — TS5 and (f2, g2) : T'Se — T'S5
take the composition of these two GG-morphisms.

332 G -morphisms

In [38] has been defined a more restrictive version of G-morphism: @-morphism.
These morphisms differ from the original one by the fact that they require sur-
jectivity on states and transitions. This is required to interpret the morphism as a
refinement of the codomain system.

Definition 49. Let T'S; = (S;, E;, T;, si)) be an Elementary Transition System for
i=1,2

A G-morphism from T'Sy to TSy is a G-morphisms (f, g), with the additional
constraint that f : S1 — S is surjective, and g : E1 -* E5 is a surjective partial
function.
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(@) TSy (b) TS

Figure 3.26: Two Elementary Transition Systems related by a @—morphisms

The idea is that 7'S; can be seen as a refinement of 7'.S,, so it has to maintain
the structure of 7'Ss but it should add other behaviours refining states of the sys-
tem. It is very important to take in mind that this kind of morphism allows also to
relax some constraints. The surjectivity (and the absence of the injectivity) of f
and g assures that every state and every event of 7'S, should be splitted into more
than one element in 7S, but have to be part of the refined Elementary Transition
System. Constraints 2 and 3 of Def. 48 assure that every occurrence of the same
event in 7'S; have to be mapped in the same way. Nothing is said about the mul-
tiple occurrences of one event in 7'S5 and this can lead to the relax of contraints
between T'S; and T'S,.

As we see in Fig. 3.26 the maps given by identical labels are a @—morphism
between T'S7 and T'S5. The events ¢ and d are present in 7'Ss twice. As we see,
T'S; has more constraints than 7'S: ¢ need to fire first than d instead in 7'Ss they
are independent.

It is possible to define the composition of two @-morphisms in the usual way.

Proposition 37. Let T'S; = (S;, E;, T;, sby) be Elementary Transition Systems for
i=1...3. Let (f;, g;) be a G-morphism from T'S; to T'S;,1 fori=1,2.

The function (f,g) : T'S1 — T'S3 (f,9) = (f2.92) © (f1,91) where [ = fa 0 fi
and g = go o g1 is a G-morphism.

Proof. We know that (g, f) is a G-morphism, we have to prove that it satisfies the
additional constraints that characterize a G-morphism:

e f:5] —» S5 is surjective: given by the composition of two surjective func-
tions,

* g: Iy —»* Ejis a surjective partial function: given by the composition of
two surjective partial functions.
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<

Let £7 S denote the category whose objects are Elementary Transition Sys-
tems and whose arrows are @-morphisms. For each object T'S = (S, E, T, s¢) let
175 = (idg, idg) be the identity morphism where idg : S — S and idg : E - E are
the (total) identity functions. For (f1,¢1) : T'S1 = T'Ss and (fo, g2) : TSy — T'S3
take the composition of these two @—morphisms.

Proposition 38. £7S is a subcategory of ETS.
Proof. As required in Def. 4:
o Obgﬁ = Obng,

« VTS, TSy € Obgrs, ETS[TS,,TS,] € ETS[TS,,TS,] because all G-
morphisms are G-morphisms but the contrary does not hold,

* composition and identities in £7S are the same that the ones in TS .

3.3.3 ['-morphisms

@—morphisms are too much permissive relating Elementary Transition Systems.
As we have seen in the previous section, they allow to remove constraints to cou-
ple of events making them independent while they are sequential in the refined
system. Let us now define a more restrictive version of G-morphisms.

Definition 50. Let T'S; = (S;, E;, T;, si)) be an Elementary Transition System for
i=1,2.

A T-morphism from T'S; to T'Sy is a G-morphisms (f,g), with the additional
constraint that V(sg, ez, sh) € To,3(s1,61,8,) € T1 so that s; € fil(s2),e1 €
g1 (e2), 81 € fr1(sy).

This new requirement binds multiples occurrences of one event in 7'S, with
events of T'S].

As we see in Fig. 3.27 the maps f = {(s0, S0), (S5, S0), (51, 51), (86, 51),
(82,82),(s7,82),(83,53), (Ss,53), (S4,52)} and g given by identical names are a
['-morphism between 7T'S; and T'S5. The event ¢, is not present in 7'.5;. As we see,
T'S; does not have more or less constraints than 7'.S5: it has only new behaviours.

The partition of the nodes of 7'S; induced by a I'-morphism from 7'S; to TS,
can be lifted to a graph structure: the class of nodes mapped to a node s becomes
a node, while the class of events mapped to an event e becomes an event; the flow
relation is defined in the obvious way.
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Figure 3.27: An Elementary Transition System, 751, related to 7S5, Fig. 3.26b,
by a I'-morphisms

Definition 51. Let T'S; = (S;, E;, T}, sby) be an Elementary Transition System for
i=1,2. Let (f,g) be a I'-morphism from T'Sy to T'Sy. Then f defines an equiva-
lence relation on Sy, where the equivalence class of s € Sy is [s] = {s" € S1|f(s") =
f(s)}. Also g defines an equivalence relation on E,, where the equivalence class
of e Eyis [e] ={e' € Ey|g(e') = g(e)}.

The quotient of T'Sy with respectto U is T'S1/(f, g) = (S1/f, Er/9,T1/(f,9).[sd]),
where

* Si/f ={[s]:s€ 51},
e Ei/g={[e]:e€ E1,eedom (g)},

¢ T1/(f,g) = {([S], [6]7 [S,]) : 575, € 51,6 € E17 [S] # [3/]7 3(37673,) € Tl}'
The resulting system is isomorphic to 7'55.

Proposition 39. The quotient of T'S1, T'S1/(f,g), is an Elementary Transition
System isomorphic to T'S.

Proof. Given the surjectivity of the I'-morphism we have that the nodes and the
events of the quotient are exactly the same of 7'Ss.

1. Every arrow of T'S1/(f, g) is present in T'S5: note that the arrow remained
are not the ones between nodes of the same equivalence class and not the
ones labelled by events undefined. These events lead the states they bind
to one state of 7'S;. So in T'S1/(f,g) there are only arrows with, as la-
bels, events mapped by g. Let us take one of these arrows: ([s], [e],[s']) €
T1/(f,g) hence (s,e,s") € T7. For Def. 48 point 3 we know that (f(s), g(e), f(s")) €
Ts.
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Figure 3.28: T'S;

2. Every arrow of T'S, is present in T'S1/(f, g): by definition of I'-morphism
V(s2,€2,55) € Ty, 3(s1,€1,57) € 11 so that s; € f71(s2),e1 € g7(e), 8] €
f71(s5) hence there is ([s1], [e1].[s1]) € T1/(f, 9)-

<

Note that this is not given by @—morphisms and g-morphisms, and an example
is shown in Fig. 3.26.
It is possible to define the composition of two ['-morphisms in the usual way.

Proposition 40. Let T'S; = (S;, E;, T}, si)) be Elementary Transition Systems for
i=1...3. Let (fi, g;) be a I'-morphism from T'S; to T'S;,1 fori=1,2.

ThefunCtion (f)g) : TSI - TS3 (f)g) = (f2a92) ° (flvgl) where f = f2 © fl
and g = gy o g1 is a I'-morphism.

Proof. We know that (g, f) isa @-morphism, we have to prove that it satisfies the
additional constraints that characterize a I'-morphism.

Let us take a (s3,e3,55) € T3 we know that 3(sq,ez,55) € T so that s, €
131 (s3),e2 € g3t (e3), sh € f31(s5). We know also that 3(sq,e1,s;) € T} so that
s1 € fil(s2),e1 € g7t (e2), 8] € fi1(sy). Soitis proved. o

Let £7 Srdenote the category whose objects are Elementary Transition Sys-
tems and whose arrows are I'-morphisms. For each object 7'S = (S, E, T\ s¢) let
17s = (idg, idg) be the identity morphism where idg : S — S andidg : E - E are
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Figure 3.29: T'S,

the (total) identity functions. For (f1,g1) : T'S1 — T'S; and (f2, g2) : T'So — T'Ss5
take the composition of these two ['-morphisms.

Proposition 41. £7 Sris a subcategory of ETS .

Proof. As required in Def. 4:
b ObgTSF = Obm,

o VT'S|, TS, € OlngSr LETSr TS5, TS,] € ETS[TS1,TSs] because all T'-
morphisms are G-morphisms but the contrary does not hold,

 composition and identities in £7 Sr are the same that the ones in 7S .

It is although true that this new constraint does not assure that the two Elemen-
tary Transition System have exactly the same sets of concurrent events as we see,
for example, in Fig. 3.28 and 3.29. The maps f = {(so, So0), (51, 51), (S2, $3), (3, 50),
(347 82)7 (35, 50)7 (367 33), (37, 32)7 (387 51), (39, 33), (310, 50)7 (511, 31), (5127 52)7
(513, 52), (514, S3), (515, $1) } and ¢ given by identical names of events constitute a
['-morphism between 7'S; and T'S;. For example in s;5 there must start a concur-
rent square t1, to.

Moreover, the refined Elementary Transition System can reach a deadlock,
while the abstract one cannot, as we see in Fig. 3.30. The maps f = {(so, So),
(s51,51), (82, 50), (83,80), (84,51), (85, 50), (S6,51), ($7,51) } and g given by iden-
tical names of events constitute a ['-morphism between 7S, and 7'S5. As we see,
state s; of 7'S; is a deadlock.
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(b) T'S2

Figure 3.30: An example of I'-morphism

3.4 Relation between the categories introduced

In this section, we relate the categories we introduced in the previous part of this
chapter. We recall that N-morphisms correspond to G-morphisms. Then we prove
that @—morphisms imply N -morphisms but the contrary does not hold. On the
other hand, c-morphisms imply G-morphisms.

3.4.1 From Elementary Net Systems to Elementary Transition
Systems

Nielsen, Rozenberg, and Thiagarajan defined in [31] a functor from EN'S to
ETS, denoted by H, which coincides with the computation of the case graph
of a Net.

Let N € ENS,N = (B, E, F,mg) be an Elementary Net System, the Ele-
mentary Transition System associated with N is its reachability graph 7'Sy. The
model obtained is an Elementary Transition System.

We have also to associate to morphisms of EA'S morphisms of £7S [31].

Definition 52. Ler N; € ENS | N; = (B;, E;, Fi,m}) be an Elementary Net Sys-
tems fori=1,2.

Let H be a map which assigns to each object N;, the Elementary Transition
System associated with Nj.

Furthermore, H assigns to each arrow (3,1) : Ny > Ny in EN'S the pair
() where )= ). givn b Yo €l () = )
B(mg))-
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Po Py P Po P2

) 51 to S

P Pg P3 P P3
(a) Nq (b) No

Figure 3.31: An example of N -morphism

Note that f defined above is the same that the function defined in Prop. 3.
The map obtained by H on an N-morphism is a G-morphism [31].

Proposition 42. Let N; € EN'S | N; = (B;, E;, F;,m{) be an Elementary Net Sys-
tems for i = 1,2 and let (3,n) be an N-morphism from N to Ns.

The map (fs,n), constructed as specified in Definition 52, is a G-morphism
from H(Ny) to H(Ns).

H:ENS - ETS is a functor.

Let us show that the functor H does not necessarily map an N-morphism to
a @-morphism. For example, in Fig. 3.31 and Fig. 3.32 we see two Elementary
Net Systems (the N-morphism relates elements with the same label) and their
reachability graphs: no state of 7'S; can be mapped on s,.

Let us show that the functor H does not necessarily map a II-morphism to
a @—morphism. For example, take the Elementary Net System of Fig. 3.33a
and the one of Fig. 3.31b. The map 8 = {(po,po), (p1,p1), (Ps,p2), (P, p3)}
and the map n = {(to,to), (t2,t1)} constitute a I[I-morphism between N; and
Ns. In Fig. 3.33b and 3.32b we see the reachability graphs associated with
Elementary Net Systems mentioned before. The functor create the map f =
{(50,50), (51,2), (52,82, (53,53)}. As we see, (f,n) does not constitute a G-
morphism between 7'S; and T'S,.

We have to associate to (-morphism morphisms of £7S .

Definition 53. Let N; € EN'S,,, N; = (B, E;, F;, mi)) be an Elementary Net Sys-
tems fori=1,2.
Let H be a map which assigns to each object Nj its reachability graph.
Furthermore, H assigns to each arrow ¢ : N - Ny in ENS,, the pair
(Fo.90), where f, : [md) - [m3) given by Vi, € [m3) , f,(m1) = @(my) 1 By
and g, : By —* E5 given by Vey € Eys.t.p(er) € By, g,(e1) = ¢(er).
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(a) TSI (b) T52

Figure 3.32: The reachability graphs of Elementary Net Systems of Fig. 3.31

Po P> Py Pg Pg
Py P3 Ps Py Pg
(@) M

Figure 3.33: An Elementary Net System and its reachability graph
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The map obtained by H on a ¢-morphism is a @—morphism.

Proposition 43. Let N; € ENS,,N; = (B;, E;, F;,m}) be an Elementary Net
Systems for i = 1,2 and let ¢ be a p-morphism from Ny to N.

The map (f,, g,), constructed as specified in Definition 53, is a @-morphism
from H (Ny) to H(Ny).

Proof. To prove the thesis we have to argue that all the condition of a @-morphism
are satisfied. We know that a ¢-morphism is an N -morphism, which is an N-
morphism. As we have seen before, (f,, gi) is a G-morphism, so we need to
prove only the additional requirements of a G-morphism.

The functions f,, : S1 — Sy and g, : £y —* Es are surjective by definition. ¢

The map H : ENS, — ETS is a functor since it is immediate to see that it
preserve composition and identity.

3.4.2 From Elementary Transition Systems to Elementary Net
Systems

Nielsen, Rozenberg, and Thiagarajan defined in [31] a functor from TS to
ENS, denoted by J, that gives a procedure of synthesis which, given an Ele-
mentary Transition System, builds an Elementary Net System whose case graph
is isomorphic to the Transition System.

We have to associate to every object of ET'S objects of EN'S [31].

Definition 54. Let TS € ETS, TS = (S, E, T, sy) be an Elementary Transition
System.

The Elementary Net System associated with T'S is defined as Nrs = (Rrs, E, Frg, Rs,)
where Frg, = {(r,e)|r € Rps,ne € EAnrece}u{(e,r)|re Rys,nee EAree}.

The model obtained is an Elementary Net System saturated and, hence, contact-
free.
We have also to associate to morphisms of £7S morphisms of EN'S [31].

Definition 55. Let T'S; e ETS ,T'S; = (S, Ei, T;, si)) be an Elementary Transition
System for i =1,2.

Let J be a map which assigns to each object T'S; the Elementary Net System
associated with T'S;.

Furthermore, J assigns to each arrow (f,g) : T'S1 - TSy in ETS the pair
(B,9), where B € Rrs, x Rrs,, given by (r1,12) € B < f~'(rg) =11

The map obtained by J on a G-morphism is an N-morphism.
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° ° ®
Py Po Ps Po
t; to 5] %
[
P3 Py Py Py
(b) N (©) Ny

Figure 3.34: An Elementary Transition System, two Elementary Net Systems:
one associated to it and one to the System of Fig. 3.30b

Proposition 44. Let T'S; € ETS ,TS; = (S;, E;, T;, sg) be an Elementary Transi-
tion System for i = 1,2 and let (f, g) be a G-morphism from T'S; to T'Ss.

The map (B, g), constructed as specified in Definition 55, is an N-morphism
from J(T'Sy) to J(T'Ss).

J:ETS - ENS is a functor.

We construct now a functor from £7S to ENS using the map specified in
Definition 55.

The map obtained by J on a G-morphism is an N-morphism.

Proposition 45. Let T'S; € ETS ,T'S; = (S, E;, T, si) be an Elementary Transi-
tion System for i = 1,2 and let (f,q) be a G-morphism from T'S to T'S,.

The map (B, g), constructed as specified in Definition 55, is an N -morphism
from J(T'Sy) to J(TS5).

Proof. To prove the thesis we have to argue that all the condition of an N -morphism
are satisfied. Nielsen, Rozenberg, and Thiagarajan proved that (3, 9) = J((f,9))
is an N-morphism from J(7'S;) to J(7T'S3), so we need to prove only the addi-
tional requirements of an N -morphism.

The function g : £} —* Ej is surjective by definition.

By definition 5 € Ryg, x Ryg, and (r1,73) € S iff f~1(ry) =71, hence f~'isa
function. The fact that f is surjective assure that f~! exists Vry € Rpg,, hence S~}
is total. We have to prove injectivity. By contradiction, let 3,74 € Rpg,, 72 # 79,
and let , € Rpg, such that 8~1(ry) = f~1(r2) =y = f71(r}) = 571(rh). Assume
that 3so € o N 7. Since f is surjective, Is; € Si|f~1(s2) = s1. We know also
that s; € f~1(ry) = ry = f~1(r}). Since f is total s}, € rb|f(s1) = s, and this is a
contradiction because function f cannot assign to s; both s, and s}.



3.4. RELATION BETWEEN THE CATEGORIES INTRODUCED 85

For the case 3sy € 74, \ 9 the prove is similar. &

The map J : ETS — ENS is a functor given that it is immediate to see that it
preserves composition and identity.

Since ET Sy is a subcategory of ET S, the previously defined functor J binds
also ETSr with EN'S.

Let us show that the functor J does not assure that, if there is a ['-morphism
between two Elementary Transition Systems, there is a II-morphism between
the Elementary Net Systems associated with them. For example, take the Ele-
mentary Transition System of Fig. 3.34a and the one of Fig. 3.30b. The map
f ={(s0,80),(s1,51),(52,50)} and the map given by identical names of events
constitute a I'-morphism between the two. In Fig. 3.34b and 3.34c we see the
Elementary Net Systems associated with the Elementary Transition Systems men-
tioned before. J create the map (3 = {(p1,p1), (po,p0)}. As we see, (3, g) do not
constitute a [I-morphism between N; and Ns.
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Chapter

Nets transformations and
morphisms

The results and notions presented in the previous chapter are a theoretical ba-
sis supporting methods for modular development. From a practical viewpoint, a
designer prefer to use a set of Net transformations in order to refine a Net. In
this chapter, starting from N -morphism, we will try to define such transformation
instead of constraining the morphism. Formally, refining a Net with these trans-
formation, there will be an N-morphism from the refined Net to the abstract one
and a ['-morphism between the corresponding reachability graphs.

Here we present two examples of such transformations as a first step in this
direction. Esparza and Silva in [17] defined three kinds of structures in Place
Transition Nets and they proved results on desirable properties by using these
structures. The first refinement we present is based on one of them, called handle,
and consists in adding to the Net a path refining a single condition relating two
events. The second one is a live Net synchronized on one event of the original net.

Definition 56. Ler N, = (B4, Ey, F1, m(l)) be an Elementary Net System. Let us
take two events ey, €} in Ny such that there exist a condition b, connecting the two
events: by € e1* A by € *e}. Condition b, is connected only to e, and €.

A handle of N; is an Elementary Net System Ny, = (B, Ey, Fi,,mb), with
Eyn Ey = {ey, ey} and By, n By = @, consisting of a directed path, containing
at least one event different from e, with €/, connecting e, with €'. If the path
is in the same direction of the connection in Ny and b, is (not) marked one (no)
condition of the handle has to be marked. If the path is in the opposite direction
of the connection in Ny and by is (not) marked no (one) condition of the handle
has to be marked.

87
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b3 by e,
b, b,
€ €
b, byast €4 birst brirst €4 bjast
(a) Ny (b) N2 (c) N3

Figure 4.1: A Net N, the net N, obtained by adding in N; a handle between
e; and e; in the same direction of b, and the net N3 obtained by adding in N; a
handle between e; and e, in the opposite direction of b,

We can see examples of handle in Fig. 4.1 and 4.2.

Let us call by, the first condition of the handle and by, the last one. We start
showing some properties on the marking of the handle. Note that the handle is a
path that contains only one token. If there is a path from the event e; (e}) to €]
(e1) through b; and the handle start in e; (¢/) and ends in €] (e;) we will say that
the handle is directed as b .

Lemma 4. Let Ny = (By, Ey, F1,m}) be an Elementary Net System. Let N, be
a handle directed as by. Let Ny = (Ba, Ey, F5,m?) be the net constructed by
synchronizing Ny and Ny, on the two common events e, and e}: Ny = (B U
Bh,El UEh,Fl UFh,m(l) Um(’)‘)

For all my € [m3), the following holds: m n By, # @ if, and only if, by € my
and, in that case, |m n By,| = 1.

Proof. by is marked in the initial condition iff one condition of the handle is
marked.

b, becomes un-marked only when €] fires, and e} consumes a token also from
biust» hence all the conditions of the handle are un-marked after that firing.

b; becomes marked only when e, fires, and e; produces a token also in by,
hence one condition of the handle is marked after that firing. &

Lemma 5. Let Ny = (By, Ey, F1,m}) be an Elementary Net System. Let N, be
a handle not directed as by. Let Ny = (Bs, Es, Fg,mg) be the net constructed
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(c) H(N3)

Figure 4.2: Reachability Graphs of Nets of Fig. 4.1

by synchronizing Ny and N, on the two common events e, and €}: Ny = (B; U
Bh, E1 @) Eh, F1 @] Fh,m(l) @] mg)

For all my € [m?), the following holds: m n By, # @ if, and only if, by ¢ ma
and, in that case, |m N By| = 1.

Proof. by is marked in the initial condition iff all conditions of the handle are not
marked,

b; becomes un-marked only when e} fires, and €| produces a token also in
byirst, hence one condition of the handle is marked after that firing.

b, becomes marked only when e; fires, and e; consumes a token also from
biast, hence all the conditions of the handle are un-marked after that firing. &

Now we prove that from a Net enriched with a handle to the original Net there
is an /N-morphism.

Theorem 3. Let Ny = (By, E1, F1,m}) be an Elementary Net System. Let Ny =
(Bs, E3, Fs, mg) be the net constructed by synchronizing N, and a handle N}, on
the two common events e; and €}: Ny = (By U By, E1 U Ey, Fy U Fy,mb umh).

The pair of functions ([3,7m) given by the identity functions from Ny to Ny,
restricted to the nodes of Ny, is an N -morphism from Ny to Nj.

Proof. We have to prove all the constraints of N -morphisms (see Def. 30 and 31):
31.1: [~!is total injective since [ is the identity function and B; € By,

31.2: 7 is a partial surjective function because all events of N; are in Ny,
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30.3: given that 3 is the identity function and that new conditions which are
marked in the initial state are not in the domain of 3, we have

V(bg,bl)eﬁ:bzemgablemé

30.4: take an event e, such that 77(e;) is undefined. This implies that e, is in the
handle, and all the handle (but for e; and e}) is not mapped, hence also the
pre and the post of e, are not mapped,

30.5: take an event of /Ny in the domain of 7. This event is not in the handle,
hence it is present also in N;. For all the events but ey, ] the proof that the
neighbourhood is preserved is trivial.

Events e; and €| have one new neighbour in Ny, but these conditions are
not mapped by 3 so the neighbourhood is preserved also for e; and €.

<

The following is one of the major results of this chapter: from the reachability
graph of the Net enriched with a handle to the reachability graph of the original
Net there is a ['-morphism. To show this fact, we will use the functor H, as
defined in Def. 52. This shows that this transformation consistently reflects on the
behaviour of the Net.

Theorem 4. Let Ny = (By, E1, Fi1,m}) be an Elementary Net System. Let Ny =
(Bs, Ey, Fy, m%) be the net constructed synchronizing N1 and a handle Ny, on the
two common events ey and €|: Ny = (B U By, Ey U Ey, Fy U Fy, mé u mg).

The pair of functions H (S, 1), with (3,n) given by the identity functions be-
tween Ny and Ny restricted to the nodes of Ny, is a T'-morphism from H (Ny) to
H(MNy).

Proof. We know by Theorem 3 that (3,7) is an N-morphism from N, to Nj.
Hence we know that there is a G-morphism between H (N2) and H (V;), so we
need first to prove the additional constraints of G-morphisms:

* it can be proved by induction on the reachable states that f5 : [m3) - [m])
is a surjective total function,

* 1: By =* Ej is a surjective partial function by construction.

Now we need to prove only the additional constraint of I'-morphisms. We
have to prove that each arrow in N; has a corresponding arrow in N,. Let us take
s1 € [s§). We know that there exists a set of states in H (/V;) that are mapped on
s1. Now, take an event e € E; such that (s, e,s}) € T}.

There are three possibilities:
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* ¢ # e1, ¢} we know that there is an arrow (so, e, s5) such that fz(s2) = s;
and fz(s}) = s} given that we have not changed the neighbourhood of e in
No,

* ¢ = e;1: hence b; ¢ s;. Hence no (one) condition of the handle is marked
in s;. Hence there is an arrow labelled with the event e; (after some other
arrows labelled with events of the handle, there is an arrow labelled with
the event e;) that leads to a state s;, containing b; and by;,s; (not containing
biust)- Hence, ) is related to s,

* ¢ = €: hence b; € s;. Hence one (no) condition of the handle is marked
in s;. Hence, after some other arrows labelled with events of the handle,
there is an arrow labelled with the event e} (there is an arrow labelled with
the event e)) that leads to a state si, not containing b; and by, (containing
brirst). Hence, s} is related to si;

Let us now define the second transformation.

Definition 57. Let Ny = (By, Ey, F1,m}) be an Elementary Net System. Let us
take one event e in Nj.

An aquarium of N is a live Elementary Net System N, = (B,, E,, F,,m{),
with E,n Ey = {e1} and B,n By = @.

We can see an example of aquarium in Fig. 4.3.
Now we prove that from a Net enriched with an aquarium to the original Net
there is an N-morphism.

Theorem 5. Let Ny = (By, Ey, F1,m}) be an Elementary Net System. Let Ny =
(Bg, B2, Fo,m2) be the net constructed by synchronizing Ny and an aquarium N,
on the common event e,: Ny = (B U B,, E1 U E,, Fy U F,,m}umQ).

The pair of functions ([3,7m) given by the identity functions from Ny to Ny,
restricted to the nodes of Ny, is an N -morphism from Ny to Nj.

Proof. We have to prove all the constraints of N -morphisms:
31.1: [ !istotal injective since [ is the identity function and B; € By,
31.2: 7 is a partial surjective function because all events of N; are in Ny,

30.3: given that 3 is the identity function and that new conditions which are
marked in the initial state are not in the domain of 3, we have

V(bg,b1)662b26mg<:>b1€m(l)
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bfirst e4
b, % e
e %@—» basy
b3 bl
e, <—Q<— e
b2
(a) Ny (b) H(N,)

Figure 4.3: The net N, obtained by adding in /NV; of Fig. 4.1a an aquarium on e
(note that it is also a loop) and its Reachability Graph

30.4: take an event e; such that 7)(e;) is undefined. This implies that e, is in the
aquarium, and all the aquarium (but for e;) is not mapped, hence also the
pre and the post of e, are not mapped,

30.5: take an event of N, in the domain of 7. This event is not in the aquarium,
hence it is present also in N;. For all the events but e; the proof that the
neighbourhood is preserved is trivial.

Events e; have new neighbours in N, but these conditions are not mapped
by 3 so the neighbourhood is preserved also for e; and €.

¢

The following is another results of this chapter: from the reachability graph
of the Net enriched with an aquarium to the reachability graph of the original Net
there is a ['-morphism.

Theorem 6. Let Ny = (B, E1, Fi1,m}) be an Elementary Net System. Let Ny =
(Bs, Es, Fy, mg) be the net constructed synchronizing N, and an aquarium N, on
the common event e1: Ny = (By U By, Ey U E,, Fy U F,,my umg).

The pair of functions H (S, 1), with (3,n) given by the identity functions be-
tween Ny and Ny restricted to the nodes of Ny, is a I'-morphism from H (N) to
H(MNy).

Proof. We know by Theorem 5 that (3,7) is an N-morphism from N, to Nj.
Hence we know that there is a G-morphism between H (NN>) and H (V;), so we
need first to prove the additional constraints of G-morphisms:



* it can be proved by induction on the reachable states that f5 : [m3) - [m{)
is a surjective total function,

* 1: Fy »* Fj is a surjective partial function by construction,

Now we need to prove only the additional constraint of I'-morphisms. We
have to prove that each arrow in N; has a corresponding arrow in N,. Let us take
s1 € [s5). We know that there exists a set of states in H (V,) that are mapped on
s1. Now, take an event e € E such that (s, e,s]) € T}.

There are two possibilities:

* ¢ # e1, ¢} we know that there is an arrow (so, e, s5) such that fz(s2) = s;
and f3(s)) = s} given that we have not changed the neighbourhood of ¢ in
No,

* e = e;: we know by the liveness of the aquarium that there are a set of arrows
that leads to a state s, (still mapped on s;) in which start an arrow labelled
with the event e;. It lead to a state s/, that contains the post conditions of e;
in N, plus the ones of the aquarium, hence it is mapped on s].

¢

The results of this section form a basis upon which one can construct a set
of Net transformations to be used by a designer. The final aim along this line of
research is to define a complete collection of Net transformations which guarantee
the existence of a ['-morphism from the refined Net to the abstract one.
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Chapter

Composition

In the development of distributed systems a central role is played by formal tools
supporting various aspects of modularity such as compositionality, refinement and
abstraction. Several formal approaches are available. One of the main challenges
consists in developing languages and methods allowing to derive properties of the
refined or composed system from properties of the components. There is a lot
of interest in how to combine models because it makes the analysis of models
simpler and more structured.

Following the approach proposed in [38] and in [3], the basic idea consists in
composing two different refinements of a common abstract view, obtaining a new
model which describes the system comprising the details of both operands, while
complying to the same abstract view.

The rules for identifying elements of the models being composed are ex-
pressed by means of morphisms towards another model, called interface. The
interface can be seen as an abstraction of the whole system, shared by the com-
ponents or, alternatively, it can be interpreted as the specification of the commu-
nication protocol. In this case, each operand can be seen as made of the actual,
local, component, and of an interface to the rest of the system. The composed
system is made by local parts corresponding to each component and a global part
corresponding to the interaction between the components. The composed sys-
tem results to be related to both the components and the interface by means of
morphisms, and the resulting diagram is commutative.

The use of products in a suitable category of Nets as a way to model compo-
sition by synchronization has been studied by several authors. One of this works,
similar to ours, proposed by Fabre [18], applies to Safe Nets and is built on the
notion of pullback.

A survey paper, [34], describes a way to compose Nets using morphisms and

95
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pushouts. There, the emphasis is on refinement rules that preserve specific be-
havioural properties, within the wider context of general transformation rules on
Nets.

Winskel introduced a new kind of morphism in [45] and defined its composi-
tion using products in the corresponding category.

The chapter is structured as follows. We start considering systems modelled
by Elementary Net Systems, then we skip to Occurrence Nets and to Elementary
Transition Systems.

5.1 Elementary Net Systems

511 N -morphisms

We recall an operation of composition defined by Pomello and Bernardinello in
[38]. The starting point is a set of three Elementary Net Systems; one of them, Ny,
plays the role of an interface between the other two, /NV; and V5. The composition
is driven by a pair of N-morphisms, (81, 71) and (3, 1), respectively from N,
to Ny, and from N, to N;. We can see N also as the protocol of the interaction
between them. In that sense, it is important that the morphisms are surjective,
because each system has to respect the protocol entirely. The composition of these
two systems is given by the union of a local part of each system and a common
part corresponding to the protocol. All the definitions and results of this section
are taken from [38].

Definition 58. Let N; = (B, E;, F;, m}y) be an Elementary Net System fori = 1,2,

N; = (By, Er, Fr,m{) be an Elementary Net System and let (3,n) : N; > N be

an N -morphism. Let D; denote the domain of the binary relation 3;, D; = {b €

B;|5;(b) + @}, and G; denote the domain of the partial function n;, G; =dom (7).
We define Ny(N;)Ny = N = (B, E, F,mg) as follows:

1. B= (Bl \Dl)U(BQ \DQ)UB[,

2. E= (E1 N\ Gl) U (EQ N\ GQ) U Esync:
where Esync = {(61762)|€1 €Gi,eq€ G2,771(€1) = 772(62)}’

3. Fis defined by the following clauses:
(a) Vbe (B;~D;),Vee (E;~G;),i=1,2we have
(bye) e F < (b,e) € F;

(e,b) e < (e,b) € F;



5.1. ELEMENTARY NET SYSTEMS 97

(b) Ybe (B;\D;),Ve € G;,Ve; € Gs_; and e; = (e,e;) ifi =1 ores =
(ej,€) if i = 2 we have

(byes) e F<>ese B, (be) € F;
(es,b) e F<>ese E, (e,b) € F;
(c) Vbe By, Ve = (e, e2) € Egync we have
(be) e F < (B7'(b),e1) € 1, (B3 (), e2) € F

(evb) €F < (elvﬁl_l(b)) € Iy, (62752_1([))) € Fy
4. mg=(mi~ Dy)u(m2~ Dy)uml.

From this construction it follows immediately that N = N1(N;)Ns as defined
above is an Elementary Net Systems. Moreover, the Net system N maps onto N,

and Ns.

The idea that guides this composition is that the morphisms identify the con-
ditions of the interface in each component. Therefore, the events that modify
each local copy of a common condition must be synchronized. If one of these
conditions changes its state, it is because one of the neighbouring events is fired.
These events must be given by the synchronisation of corresponding local events.
Hence, the composed Net is given by the local conditions and events of the two
components plus the conditions of the interface and the synchronized events.

The following statement define the natural relations between the composed
Net and its components.

Definition 59. Define the pair (5!,n]), with ! ¢ B x B; and n} : E - E; as
follows:

* B ={(b)lbe Bix Di} u{(b,5;1(b))Ibe Br},
» Yee By NGy :n(e) =e,n}(e) = undefined,

» Ve e Ey\ Gy :ny(e) = undefined,n(e) = e,

o V(ep,es) € E:ni({e1,e2)) = €.

As shown in [38], the diagram formed by the N -morphisms between the in-
terface, the two components, and the composed Net commutes.
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Theorem 7. The pair (3!,1)) is an N-morphism from N = N\(N;)N, to Ny,i =
1,2 and the following diagram commutes.

Ny
[31V wnz
N

1 Ny
6{% %ﬁé
N

From the previous commutative diagram and from Prop. 5 it follows that
N contains Ny, Ny and N; as subnets, possibly with some elements duplicated.
However, as discussed in [3], the operation is not a pullback in EN'S .

As shown in [6], this operation preserves some properties. Let Ny, N; be El-
ementary Net Systems for ¢ = 1,2 and let (5;,7;) be an N -morphism from N;
to N;. Let N = N1(N;)N, be the composition of N; and Ny using (5;,7;). Let
(B!, 7m) be the N -morphism from N to N; created by the composition operation.
We can say that:

nl the composition is associative;

n2 if the components reflect the sequences of the interface, the composed Net
reflects the sequences of the two components;

n3 if one component is weakly bisimilar to the interface, then the composed
Net is weakly bisimilar to the other component.

5.1.2 a-morphisms

Given that a-morphisms preserve and reflect more properties than N -morphisms
(see Section 3.1.7), we want to use them to drive a composition in a way similar
to the one introduced in the previous section [4].

A simple example of the composition guided by a-morphisms is shown in
Fig. 5.1. We have an interface, /N, that is a simple sequence of two operations and
three local states. Each component refines the same condition, b;, with a condition
bordered subnet related to events mapped on the pre and post events of b;. The
composed Net, N1({N;)N,, contains the two subnets local to the components, but
for the condition representing b; that is taken only once; the rest of the Net, not
refined by the components, is taken as it is.

To correctly relate all the systems involved in the composition, it is necessary
to work with a canonical systems. Hence, starting from a pair of systems that we
want to compose, it is always possible to build up their canonical versions with



5.1. ELEMENTARY NET SYSTEMS

Figure 5.1: An example of composition based on c-morphisms
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€0

€187 <€20€207€208217<€21€207<€21:€21~
Figure 5.2: How to create the environment of an identified condition

respect to the a-morphisms and to use these systems to construct the composed
Net.

Nl ®1 NI P2 N2
C C
VRN
NY Ny

The crucial point in the definition concerns the choice of synchronizing events.
Suppose that the morphisms onto the interface maps bubbles A; and A, to the
same local state b (where A; is taken in V;). Then, the representations of A; and
Ay are local states which are identified as b in composing the two Nets. This
implies that any event in N; which puts a token in the representation of A; must
be synchronized with any event doing the same in the representation of A,, as we
can see in Fig. 5.2. This explains the definition of the sets F, ., below.

Definition 60. Let N; = (B;, E;, F;, m}) be an SMD-EN System for i = 1,2, 1.
Let ;, with © = 1,2, be an a-morphism from N; to N;. Let N; be canonical with
respect to ;.

For each condition b; of the interface, we define its bubble in the composed
system:

Bubble(br) = ((¢1'(br) n Bi~{rw, (br)}) u{br} v (92! (br) N Ba~ {rn, (b1)}),
(¢1'(br) n Ev) U (93" (br) N Ey),
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FNy (o7 50~ ey (00)1) Y FNa (032 (50~ vy (01)1))

and its connection to the rest of the Net, F'(b;) = *F(by) u F*(by).
Let e = (ela €2> € Uele‘bl Esync(el),
*F(b;) = {(e,b):beOBubble(b;),(e1,b) € 1} u

{(eabf)} U
{(e,b) : b e OBubble(b;), (e3,b) € Fy}

Let e = (617 €2> € UeIEb[‘ Esync(el),

F*(b;) = {(b,e):beBubble(b;)°,(b,e1) e Fi}u

{(bla 6)} U
{(b,e) : b e Bubble(b;)©, (b, es) € Fy}

Synchronized events are given by synchronizing two events mapped on the
same event of the interface:

Egyne(er) ={e=(e1,e2) 1e1 € By, e0 € Ey,01(e1) = €1 = pa(ea)}
We define the composed Net N = N1(N;)Ny = (B, E, F,mg) as

B = U BBubble(bI)

b]GBI

E= ( U Esync(ef)) U( U EBubble(bo)

e]EEI bIEBI

F=U (F(b1) Y Fpupievy))

b]EBI

By construction, N = N;(N;)N; as defined above is an Elementary Net Sys-
tem.
The composition maintains sequential components of the components.

Proposition 46. Ler N; = (B;, E;, F;,m!) be an Elementary Net System for i =
1,2, 1. Let p;, with i = 1,2, be an a-morphism from N; to N;. Let N; be canonical
with respect to ;. Let N = Ny(N;)Nsy = (B, E, F,mg).

For each sequential component of N;, there is a corresponding sequential
component of N.

Proof. Take a sequential component Ng¢o of NV;. For each b; € Bgc:
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* if b; is the representation of a condition of the interface b; € By, that is
bi = T'Nl(b]), then take b[ € B,

* eclse take b; € B.

It’s easy to see that these conditions, with their pre and post-events, are a sequen-
tial component of V. &

Hence, the composed Net is covered by sequential components. To see this,
take a condition of the composed Net. This condition belongs to one of the com-
ponents of the system, then it belongs also to a sequential component in that com-
ponent, and the sequential components are maintained by the composition.

We now define a map from N onto N; and Ns.

Definition 61. Define ¢ : N — Nj as follows, for each x € X:

x, ifrelX;

rn, (), if v € By
pi(z) =N, (w3-i(x)), ifreBs,

i, if v = (e, e2)

v (p3-i(7)), ifze b5y

Theorem 8. The map . is an a-morphism from N = Ni(N)Ny to N;,i=1,2.

Proof. ¢! : X — Xj is a total surjective function by construction.
Letz,ye X,ec F,

1: !(B) = B;: take b € B; there are three cases:
* be B;, hence ¢[(b) = b,
* be By, hence [(b) =y, (b),
* be Bs_;, hence pl(b) =7y, (D);

2 ¢i(mg) =mi: given by construction;

3: let pl(e) € E;; there are two cases:

e ¢ ¢ E;: this means that e is an event in a bubble of /N, and the con-
struction respects its pre and post conditions and all the arcs;

* e = (e, ez), hence p;(e;) = e;. Let us start with preconditions.
Take b € *e, then for Def. 34, points 1 3b; € B; : ¢ (b) = b; A3b; € By :
©i(b;) = by; if (b, e) € F there are two cases:
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— b; € Bubble(b;)© and (b;, ;) € F;,
— b e By orb; € Bubble(b;)© and (b;,e5-;) € Fs_;, hence ¢}(b) =
TNZ.(b[), hence (’I”Ni(b[), ei).

In the other direction, take b; € *¢;; then for Def. 34 there is a condition
of N mapped on it. For construction, there are that b; € Bubble(b;)©,
and it can be a representation or not. If it is not a representation, b; € B,
©i(b;) = b; and (b;,e) € F'. If it is a representation, b; € B, ©}(b;) = b;
and (by,e) € F.

The proof for post-conditions is analogous;

@i(e) = rn,(br) € B;, hence it was in a bubble of b; in Ny: e € E5_; and
©3-i(e) = by € By, hence by construction also *e* is in that bubble: !(%e®) =
TNi(bI);

take b; € B;, N(pi71(b;)) and by = ;(b;) € By.

If b; is not a representation in /V;, by construction its bubble in /N consists in
the condition itself alone: in that case all the constraints are easily verified.

If b, is a representation in N; (b; = rn, (b)), by construction, its bubble in N
is made by b; plus the bubble of b; in the other component. For b;, the proof
is exactly as we stated before. That bubble is clearly acyclic. The composi-
tion rebuilds the same relations between elements in the bubble of the other
component, respecting constraint 5d. It creates the Cartesian product of
events of V; and N, mapped on the same event of N; and, consequently,
it creates an arc between all these copies and the neighbouring conditions,
respecting constraints 5b and 5Sc.

We now prove, for representation b;, the constraint 5e on the conditions in
the bubble of the other component, b € B3 ;. Let b € gog‘l(bi) N B, such that
b¢ By

Let Ng¢, be a sequential component of V; containing b;. Clearly, this se-
quential component contains also its pre and post events. Given that b; is a
representation, these are exactly all the events in the inverse image of pre
and post events of b;.

Let Ng¢,_, be a sequential component of N5_; containing b and all the events
in the inverse image of pre and post events of b;.

Take a sequential component generated by all the conditions of Ng¢, but for
b; plus the conditions of Ng¢, , that are in the bubble of b;. That sequential
component contains all the events in the neighbourhood of these conditions,
hence also all the events in the inverse image of pre and post events of b;.
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<

The diagram formed by the a-morphisms between the interface, the two com-
ponents, and the composed Net commutes.

Proposition 47. The following diagram commutes.

Ny
y &
NY Ny
X y
N NNy
Proof. We have to prove that, for every elements z € X : (! (z)) = oS (p5(2)).
The elements of the composed Net are of three kinds:

elements local to the components : take x € X such that z € X;. Hence there is
a condition of the interface, by € By, such that ¢ (x) = b;. Hence there is a
representation of b; in the other component 7y, . (by).

w7 (9i()) = @F (@) = br = 5 (rn,, (b)) = 5. (#5_4(2));
representation conditions: take x € B;. Hence there is a representation of x in

the two components 7y, () and ry, ,(z).

e (ei(@) = 97 (rn, (7)) = 7 = 95, (rn,_, (2)) = 953 (#5_5(2));
synchronized events: take x € E such that x = (e1,e;). Hence ¢$(e;) = er =

5 (ey) with ey € E.

PT(e1((e1,€2))) = o7 (e1) = er = 95 (e2) = w3 (p3({e1, €2))).

By construction we get the following result:

Proposition 48. The system N = N1(N;)N; is canonical with respect to ¢’ and
to b,

The result of the composition can not be seen as the pullback, as shown in
Fig. 5.1. Tt is easy to see the a-morphisms from NN; to N; and from Ni(N;)N,
to N;. If we build up a new diagram in which we substitute N;(N;) Ny with Ny,
it is possible to build up a-morphisms from N, to /NV;. But it is not possible to
build up an a-morphism from N5 to N1(N;) N, hence the resulting Net from the
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composition operation is not a pullback. In this category it is not possible to find
the pullback, due to the fact that the morphisms are surjective [25].

It is still an open problem whether, in general, the diagram of a composition
operation is a pushout.

This operation, essentially, coincides with composition of Nets based on N-
morphisms.

Proposition 49. Let N; = (B;, E;, F;,m{) be an SMD-EN System for i = 1,2, 1.
Let p;, with © = 1,2, be an a-morphism from N; to N;. Let N; be canonical with
respect to ;. Let N® = N1(N;)*Ny = (B, E, F,myg) be the composition of Ny
and Ny using 1 and p,. Let ) be the a-morphism from N to N; created by the
composition operation.

Now, consider the N-morphism (¢ n (RS x By),¢¢ n (E€ x Er)). Let NN =
N(N)N N, = (B, E, F,my) be the composition of Ny and Ny using (£$ n (RS x
Br), 65 n (ES x Er)) and (¢5 n (RS x Br), ¢S5 n (ES x Er)). Let (8!,n)) be the
N -morphism from N to N; created by the composition operation.

The systems N and NN are isomorphic, Bl =¢in (R x B;)and n), = ¢} n
(E x E;).

From results in Sections 3.1.7 and 3.1.6 we can derive a property valid for
composition based on a-morphisms. We know that, if /V; is weakly bisimilar to
Ny then N is weakly bisimilar to N,. By Prop. 19 we can infer weak bisimilarity
between /V; and N;. This property is based on an a.-morphism from a well marked
Nj to Ny plus a check on the final markings of each bubble, non interferent, using
the unfolding. These constraints are either structural or locally behavioural, while,
in the case of N -morphisms, checking bisimilarity must be made globally. Fig.
5.3 shows an example in which NV; and N, are weakly bisimilar to /NV;. Hence
N1(N;) N, is weakly bisimilar to N7, Ny and N;.

Algorithms

The following algorithm builds up the composed system starting from canonical
components.

Algorithm 2. B=g; E =0, F =30 =3, 0| =T, ph = &
First, create the synchronized events:
Vere Ey
Ver € (¥7) ' (er)

Veg € (¢5) 7 (er)
E+ = (eq,e2)

i+ = ({e1,e2),e1)
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Figure 5.3: An example of composition based on c-morphisms
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Pyt = ({e1,€2), €2)
p+ = ((e1,e2), €1)

Then, create the conditions, the bubbles and the arcs:

Vb[ € B[
Pre; =*(ONi(¢'(b1)))
Pres =*(ONa(p3' (b1)))
Posty = (N1(p7'(br))0)*
Posty = (Na(3' (br))0)*
r1=ONi(¢7"(br)) n N7t (br))°
ra = ONa (03! (b)) 0 Na(3' (br))O
addCondition(by, Prey, Prey, Posty, Posty,T1,79)
if [IN1 (7' (br))[ > 1 then
addBubble(br, 1, N1(¢7'(br)), Pres, Posta, rg)
if N2(03"(b1))| > 1 then
addBubble(br,2, Na(p5'(br)), Prey, Posty,ry)

where we use the following sub-algorithms:

Algorithm 3. addCondition(b;, Pre;y, Prey, Posty, Posty, r1,13):
B+ = b[
()0,1+ = (blv 7“1)
@é"" = (blv 7“2)
o+ = (br,br)
Vp, € Pre;
Vpy € Presy
if (pl,p2) € E then
Fr = ({po,pa).br)
Vg1 € Posty
Vg9 € Post,
if (q1,q2) € E then
F+ = (br,{q1,2))

Algorithm 4. addBubble(b;, net, bubble, Preyper, Post oiher,T):
Vb € Obubble ~ bubble©
B+=10
Prett = (b,0)
P pert = (b1)
P+ = (b7 bI)
Pre="2b
Vp, € Pre
Vp2 € Preogher
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if (pl,p2) € E then
F+ = ({pr.p2).b)
YV € b®* nbubble
addNodeBubble(b;, b, z, Net, bubble, Post yper, 1)

Algorithm 5. addNodeBubble(b;, ante, iy, Net, bubble, Post,per,T):
ify¢ X then
X+=y
Prett = (Y, y)
Qog’)—net+ = (y7T)
Pt = (y> bI)
Post =y*
Vx € Post nbubble
addNodeBubble(by,y, x, Net, bubble, Post ey, T)
if y € bubble©
Vqi € Post
Vqa € Postother
if (q1,q2) € E then
Ft=(y,{q1,9))
F+ = (ante,y)

5.2 Occurrence Nets

We now define an operation of composition for Occurrence Nets. This operation
composes two Occurrence Nets, N; and N,, with respect to a third Occurrence
Net N;. The composition is driven by a pair of §-morphisms, ; and -, respec-
tively from N; to Ny, and from N5 to ;. In this way, /N; and NV, can be seen
as refinement of conditions of N; using bubbles. We can interpret this as two
components and a protocol of interaction between them.

We impose that the subsystems and the interface are simple Nets. To obtain
the correct relations between the composed system, the two subsystems and the
interface system, it is necessary that the two subsystems are canonical with respect
to their morphisms.

Definition 62. Let N; = (B;, E;, F;) be an Occurrence Net fori = 1,2 1. Let p;,
with i = 1,2, be a 0-morphism from N; to N;. Let N; be canonical with respect to
Pi-

Synchronized events are given by synchronizing two events mapped on the
same event of the interface:

Esync(el) = {6 = (61762) tep € By,eq € E2,901(€1) =€r= 902(62)}
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For each condition by of the interface, we define its bubble in the composed
system and its connection to the rest of the Net.

* if by e min(Ny) then

Bubble(br) = ((¢1"(br) n By~ A{rn, (br)}) u{br}u (3 (br) n Bo~{ra, (b1)}),
(1" (br) N Er) U (w3 (br) N Ey),
FNy (o7 50~ ey (01)1) Y FNa (032 (50~ vy (01)1))

Let e = (e1,e2) € Ue,ehye Esync(er),

F(br) = {(b,e):bemax(Bubble(b;)),(b,e;) e F1}uU

{(br,e)}u
{(b,e) : b e max(Bubble(br)), (b,e2) € Fy}

* otherwise
Bubble(br) = Uecp, . (ob;) SB(b1, €), where e = (e1, e2):

SB(br,e) = (((¢r'(br) n By~ {rn, (b1)}) nfer]) v {bre}u
((@3'(br) n By~ {rn, (b1)}) N fez]),
(1 (br) n Ernler]) u (w3 (br) N Eynes]),

Eny(o72 (br)~ i, 6D ] Y F a3 (b~ ey (51) Dfea])

The arcs are defined as F(br) = Ueep,,..s,) F'(b1,¢), where F(by,e) =
'F(b[, 6) U F'(b[, 6)

*F(br,e) = {(e,b):bemin(SB(bs,e))}

Let f = (fl, f2> € Uflebf Esync(f[)’

F*(br,e) = {(b,f):bemax(SB(bs,e)), (b, f1) € Fi,e1 < fi,ea < fo} U
{(bre, f),en < frea< fobu
{(b,f) tbe maX(SB(bI,e)), (b, fg) € F2,€1 < f1,€2 < f2}

We define the composed Net N = N1(N;)Ny = (B, E, F) as

B = U BBubble(bI)

b[EB[
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E = ( U Esync(ef)) U( U EBubble(bz))

eIEE] bIEBI

F=U (F(b1) Y Fpupievy))

b[EB[

By construction, N = N;{N;) N, as defined above is an Occurrence Net.
We now define a map from N onto N; and Ns.

Definition 63. Define ¢ : N — Nj as follows, for each x € X:

x, lfx € XZ
b],eiv lfx = b[,(el,eg) € B[
0i(x) =3bre,, ifreBs;andxeSB(bi,  )andec|x]|=e,es)

€, lfﬂf} = <617€2>
bre,, ifreEs;andx e SB(bi, ;) andec|z|=(e1,ez)

Theorem 9. The map ¢! is a 8-morphism from N = N;(N;)Ny to N;,i=1,2.

Proof. Letx,ye X,e,feFE,

1: ¢): X — X, is a total surjective function by construction;

2:

x <y y: for every elements mapped on themselves the causality relation is

weakly preserved, hence ¢! (x) <y, ¢©i(y). The elements of the other subnet
are mapped on a representation and this is enough because it is present also
in the composed Net;

x coy y: for every elements mapped on themselves the concurrency relation

is preserved, hence ¢!(z) con, ¢i(y) or ¥i(z) = ¢i(y). The elements of
the other subnet are mapped on a representation and this is enough because
it is present also in the composed Net;

!(B) = B;: take b € B; there are two cases:

* be By, hence ¢/(b) = b,
* b¢ B;, hence [ (b) = ry,(v3-i(D));

(e) = rn,(br) € B;, hence it was in a bubble of b; in N3_;: e € E5_; and

w3-i(€) = by € By, hence by construction also *e* is contained in that bubble:
pi(*e®) =7, (br);
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6: let gog(e) € F;; there are two cases:

e ¢ € FE;: this means that e is an event in a bubble of /N; and the con-
struction respects its pre and post conditions and all the arcs;

* [ ={(f1, f2), hence v;(f;) = f € E}. Let us start with preconditions.
Take b € * f, then for Def. 45, points 4 3b; € B; : ! (b) =b; A3b; € By :
©i(b;) = by; if (b, f) € F there are two cases:

— be B;and b; e max(SB(by,e)) and (b;, f;) € F,

— b ¢ B;, hence ¢}(b) = rn,(br), hence (rn,(br), f;) € Fi.
In the other direction, take b; € ® f;, then by Def. 45 there is a condition
of N mapped on it. By construction, we have that b; € max(Bubble(b;)),
and it can be a representation or not. If it is not a representation, b; € B,
©i(b;) = b; and (b;, f) € F. If it is a representation, b; € B, ¢}(b;) = b;
and (by, f) € F.
The proof for post-conditions is analogous;

7: take bz € BZ‘, N((g&;)_l(bl)) and b[ = (,Oz(bz) € By.

If b; is not a representation in /V;, by construction its bubble in N consists in
the condition itself alone: in that case all the constraints are easily verified.

If b; is a representation in V; (b; = ry,(br)), by construction, its bubble in
N is made by b; plus the bubble of b; in the other component. For b;, the
proof is exactly as we stated before. The composition creates the Cartesian
product of events of N; and /N, mapped on the same event of N; and, con-
sequently, it creates an arc between all these copies and the neighbouring
conditions, respecting constraints 7a and 7c. It rebuilds the same relations
between elements in the bubble of the other component, respecting con-
straint 7b.

%
The diagram formed by the -morphisms between the interface, the two com-
ponents, and the composed Net commutes.

Proposition 50. The following diagram commutes.

N



112 CHAPTER 5. COMPOSITION

Proof. We have to prove that, for every element z € X : 0% (1 (2)) = o5 (@4 (2)).
The elements of the composed Net are of three kinds:

elements local to the components : take = € X such that z € X;. Hence there is
a condition of the interface, b; € B;, such that gpic(a:) = b;. Hence there is a
representation of b; in the other component 7y, . (br).

pi (i) = o5 () = br = o5, (rn, (b)) = 05 (w5 _,(2));

representation conditions: take x € B;. Hence there is a representation of x in
the two components 7y, () and ry,_,(z).

oF(0i(x)) = pf(rn () = 2 = &5 (rv,_ () = 5, (0h_;(x)):

synchronized events: take x € E such that x = (e1,e;). Hence ¢$(e;) = er =
@g(eg) with er € E[.

T (@1 ((e1,e2))) = oF (e1) = er = 5 (e2) = 5 (h({e1, e2))).

By construction we get the following result:

Proposition 51. The system N = Ni(N;)Ns is canonical with respect to ¢’ and
to b,

5.3 Elementary Transition Systems

531 G -morphisms

We recall an operation of composition defined by Pomello and Bernardinello in
[38]. The starting point is a set of three Elementary Transition Systems; one of
them, T'S}, plays the role of an interface between the other two, 7'S; and T'S;. The
composition is driven by a pair of @—morphisms, (f1, g1) and (fs, go2), respectively
from 7Sy to T'S}, and from 7'S; to T'S;. We can see T'S} also as the protocol of
the interaction between them. In that sense, it is important that the morphisms are
surjective, because each system has to respect the protocol entirely. The composi-
tion of these two systems is given by the union of a local part of each system and
a common part corresponding to the protocol.

Definition 64. Let T'S; = (S;, E;, T;, si)) be an Elementary Transition System for
i=1,2, TS, =(Sy, E;, Ty, sb) be an Elementary Transition System and let (f,g) :
TS, > TSrbea @-morphism. Let L; denote the set of events which are in E; and
not in the domain of the partial function g;, L; = {e € E; : g;(¢) = undefined};
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and let H denote the set of pairs of events (e, e3) which are mapped by the two
morphisms on the same event of T'Sy, H = {{e1,e2) : g1(e1) = ga(e2) }.
We define T'S1{T'S;)T Sy =TS =(S,E,T, so) as follows:

1. S ={(s1,82) € S1xSa: fi(s1) = fo(52)},

2. E:L1UL2UH,

3. ((s1,82),e,(s],s5)) €T iff one of the following clauses holds:
(a) (s1,e1,87) €Ty A (s2,69,85) eTone= (e, e2) € H,
(b) (s1,e,s)) €T1,50=8ynee Ly,
(c) s1=57,(s2,e,85)eTonec Ly,

4. so= (s}, s2).

From this construction it follows immediately that T'S = T'S1(T'S;)TS as defined
above is a Transition System.

The reachable part of the composed Transition System is an Elementary Tran-
sition System [38].

Definition 65. Define the pair (f!,g!), with f] € S x S; and g/ : E -* E; as
follows:

* f!is the projection of an element of S into S;,i =1,2: f! = {((s1,52),5;) :
S; € Sz},

» Yee Ly :gi(e) =e,gs(e) = undefined,
» Yee Ly: ¢i(e) = undefined, gj(e) = e,
» V(ei,e2) € H:nl((e1,e2)) = e

As shown in [38], the diagram created by the @-morphisms between the inter-
face, the two components, and the composed system commutes.

Theorem 10. The pair (f/,g!) is a G-morphism from TS = TS\ (TS;)TS, to
TS;,1=1,2 and the following diagram commutes.

TS
(fly wgz)
TS TS

1 2
(f;m 49&)
TS

However, as discussed in [3], the operation is not a pullback in £TS .
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5.3.2 I'-morphisms

We want to use I'-morphisms here defined to drive the composition introduced in
Def. 64.

The diagram created by the I'-morphisms between the interface, the two com-
ponents, and the composed system commutes.

Theorem 11. The pair (f!,g!) as defines in Def. 65 is a I'-morphism from T'S =
TS(TS;)TSs to T'S;,i = 1,2 and the following diagram commutes.

(fly wQQ)
1\;1\ 495)

Proof. It has already been proved in the previous section that (f/,g!) is a G-
morphism. We need to prove only that V(s;,e;, s!) € T;,3(s,e,s") € T so that
se(f) (si)ve e (g) e s € (f)H(s)).

Let us take (s1,e1,s]) € 11 (for arrows of 7'S, the proof is identical, up to
indexes). There are two cases:

* e1 € Ly: 50 e is not mapped by ¢; and this implies that 3s; € Sy : fi(s1) =
f1(s}) = s;. For the surjectivity of fo we know that 3sy € Sy : fo(s2) =
sy and by construction of S we know that 3(sq,s2), (s],s2) € S and by
construction of 7" we know that 3((s1, $2), €1, (s],52)) € T

* Jeg € By : (e1,ey) € H: this implies that Je; € E; : g1(e1) = ga(es) = ey.
The I'-morphism between 7'S; and T'Sy assures that 3( f1(s1),er, fi1(s])) €
T7. The I'-morphism between 7Sy and 7Sy assures that 3(sq,eq,s5) €
Tynse € f51(f1(s1)), 85 € f51(f1(s})). By construction of S we know that
3(s1,52), (s7,55) € S. By construction of 7" we know that ((s1, S2), (€1, €2), (8], 55)) €
T.

The diagram commutes by definition of the composed Transition System. ¢



Chapter

Observability

The theoretical framework constituted by the composition guided by morphisms
and interface is suitable to be used in the study of information flows and visibility.

In this chapter we assume to have a system divided in a hidden part (called
the high part or the defender) and an observable part (called the low part or the
attacker). The observer knows the structure of the whole system, but he is able to
observe only the observable part. The observer can see the state of a part of the
system, and observing this, it is able to derive that one event is fired. We want to
understand if the observer is able to infer some information on the local states of
the hidden part.

A lot of interest was in the study of the possibility to infer the state of a hidden
part of a system. Let us cite some of the main works present in the literature.

Moore [30] considers sequential machines with a finite number of states, a
finite number of possible input symbols, and a finite number of possible output
symbols. He investigates what kinds of conclusions about the internal conditions
of the machine it is possible to draw from external experiments.

The experimenter chooses the finite sequence of input symbols he puts into
the machine, either a fixed sequence, or one in which each symbol depends on
the previous output symbols. There will be a sequence of output symbols and,
possibly, a conclusion which the experimenter emits. That conclusion depend
only on which experiment is being performed and what the sequence of output
symbols was.

There is a second kind of experiment in which the experimenter has access to
several copies of the same machine, each of which is initially in the same state.
The experimenter can send different sequences of inputs to each of these copies,
and receive from each one the corresponding output sequence.

In each of these two kinds of experiments the experimenter is a human who is

115
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trying to learn the answer to some question about the nature of the machine or its
initial state.

There is an artificial restriction that is imposed on the action of the experi-
menter. He is not allowed to open up the machine and look at the parts to see what
they are and how they are interconnected. At any rate, we always impose this ar-
tificial restriction that the machines under consideration are always just what are
sometimes called “black boxes”, described in terms of their inputs and outputs,
but no information on the internal construction can be gained.

We aim at a structural characterization of the hidden internal states of a system
that become visible after its interaction with a defined subsystem. We assume to
have a high-level system that wants to keep secret its internal local states from a
low-level system interacting with the high-level component through an interface.

Basically, we explore the consequences of a proposal originally made by Busi
and Gorrieri for defining non-interference properties. The newly part of our pro-
posal is that we use the local validity of conditions as observable properties and
we focus on structural properties.

The general context of our study is known today as non-interference in the
literature. The notions of opacity and interference between subsystems have been
originally defined formally for process algebras [20].

One of the first definitions of opacity is given in [28]. Mazaré wants to hide a
piece of information from an intruder. He says that the verification of a protocol
should include a way of formalizing the information that were leaked and that
the intruder could guess. In his work he assumes that the intruder has a passive
view of a protocol session in which two agents exchange encrypted messages.
He defines an opaque property as a property for which there exist two possible
sessions of the protocol such that in one the property is true whereas in the other it
is not, and it is impossible for the intruder to differentiate from these two sessions
seeing only their messages.

The work of Sutherland is reviewed in [47]. It is a theory of information flow
based on logical deduction, which he intended as a means of facing the security
problem. The broad theme of Sutherland’s work is that in a secure computer
system the users or processes at low security levels should not be able to deduce
with certainty anything about the activities of the high users or processes. We can
say that the information flows from a high user to a low one, if what the low user
is able to see is strictly related to what the high user sees. He call these notion
non-deductibility.

Bryans, Koutny and Ryan [11] use the notion of non-deducibility due to Suther-
land and a variant of this idea: the notion of opacity. Whereas non-interference
tries to capture the complete absence of information flow, opacity is specific to a
particular item of information. Thus, for example, the value of a variable said v,
is deemed to be opaque for a particular run of a protocol if the adversary is unable
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to deduce its value from the observations and deductions available to him during
the run. The adversary is able to observe the local states of a low-level part of the
system as well as actions. For the protocol to satisfy such a requirement it must
be the case that, for any alternative value of v, there is another possible run of the
protocol that gives rise to observations by the adversary that are indistinguishable
from the original observations. As standard in these cases, they assume that the
adversary has full knowledge of the construction of the system. This is in effect a
worst case assumption. The authors extend the notion of opacity to general sys-
tems modelled by Petri Nets with weighted arcs. They also define different kinds
of opacity. They show that other concepts commonly used in the formal secu-
rity community, like anonymity, non-interference and downgrading of a channel,
can be modelled with this approach. They extend opacity to Transition Systems
and give flexible definition of the adversary’s observational capabilities. Since the
majority of opacity problems are undecidable, they define an approximation of
opacity that is decidable under certain constraints.

Information Flow is a concept widely used but with a weak formal defini-
tion. There have been several attempts to formalize it, as in [9]. Boudol works
on developing “security-minded” programming languages. He shows that secure
information flow property is guaranteed by a standard security type system, and
that, for a simple language, it is strictly stronger than non-interference. With non-
interference he means a property stating that “variety in a secret input should not
be conveyed to public output”. He exposes two reasons why non-interference
does not provide him with an appropriate semantical setting to use: one is that it
does not easily account for dynamic manipulations of the security policy, and the
second is that it does not rely on an intuitive notion of a security error that could
be used to explain why a program is faulty. Non-interference does not formalize
the intuitive notion of secure information flow, which is, that “no execution results
in a flow unless this is allowed by the information flow policy”. But, to make this
definition precise, it is necessary to give a formal meaning to “execution results in
a flow”. That is, it has to give an information-flow-aware semantics to programs.
He uses lattice of security levels in which “objects” - information containers - of
a system are labelled by security levels, and information is allowed to flow from
one object to another if the source object has a lower confidentiality level than the
target one. Moreover, he shows that this notion of secure information flow allows
him to give natural semantics to various security-minded programming constructs,
including declassification.

In the context of Petri Nets, Busi and Gorrieri [12] applied the notion of non-
interference to Elementary Net Systems, as we will see in next section, and Best,
Darondeau and Gorrieri [8] extended recently the results to unbounded P/T Sys-
tems.

In these latter works, non-interference is basically defined as language equiva-
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lence. The equivalent languages are, respectively, the one generated by the restric-
tion of the system to the low-level component alone, and the language generated
by the composition of the low-level component with any high-level component.

The definition of non interference in terms of languages forces at consider-
ing events as basic observable entities, but this is partly in contradiction with the
traditional view of events in Nets as entities observable only indirectly, via the
modifications of their pre- and post-conditions.

We consider as basic observables entities the local properties of systems rep-
resented by conditions and we call the property we describe visibility. In terms of
visibility, two interacting systems can be seen as defender and attacker. The de-
fender offers a service to the environment and wants to keep secret part of its local
states. The attacker uses the service of the defender and tries to get information
about its internal local states.

In some way, our definition is similar to the one in [39], but our idea is that,
even if we can see only a subset of the conditions of the system, we can observe
not only the cases completely observable, but also a part of the other cases.

6.1 Observability of states in Petri Nets

We consider systems as divided in a high part and a low one. The high one should
be hidden to the low part. Non-interference has been defined in the literature as
a property based on some observational semantics: the high part of a system is
non-interfering with the low part if whatever is done at the high level produces no
visible effect on the low part of the system.

Busi and Gorrieri bring this approach in the field of Petri Nets [12]; in their
work, security properties are based on the dynamics of systems: all their defini-
tions use one (or more) equivalence check(s). Hence, non-interference checking
is as difficult as equivalence checking, a well-studied hard problem in concur-
rency theory. They analyse systems, modeled by safe P/T nets, that can perform
two kinds of actions: high level actions, representing the interaction of the sys-
tem with high level users, and low level actions, representing the interaction with
low level users. They want to verify if the interplay between the high user and the
high part of the system can affect the view of the system as observed by a low user.
They assume that the observer knows the structure of the system, and they check
if, in spite of this, he is not able to infer the behavior of the high user by observing
the low view of an execution of the system. They define properties characterizing
the security of systems:

* Strong Nondeterministic Non-Interference (SNNI) is a trace-based property,
that intuitively says that a system is secure if what the low part can see does
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not depend on what the high level part sees
Nad NN H

where ~2 is the trace equivalence as sees by the low user and N \ H is the
system without the high events.

* Nondeducibility on Composition (NDC) is a trace-based property and says
that the low view of a system /N in isolation is not to be altered when con-
sidering each potential interaction of /N with the high users of the external
environment

V high-level Net K : N\ H ~} (N | K)~ (H ~ Hg)
where N | K is the parallel composition of N and K.

* Bisimulation SNNI (BSNNI) is similar to SNNI but use a kind of bisimula-
tion that considers low-view traces of the systems

N~ N\H BSNNI ¢ SNNI

bis
where ~» is the weak bisimulation equivalence on the events of the low

bis
user.

* Bisimulation NDC (BNDC)
V high-level Net K : N\ H ~) (N | K)~ (H \ Hg)

bis
» Strong BNDC (SBNDC) is an alternative characterization of BNDC which
is practically checkable

Vme[mo),Vhe H : m[h)m' = 3 low-view bisimulation
R: N > N~ H s.t. (m,m’) eR

To recognize if a system has one of these properties they define two other
kinds of properties. These properties permits to check if the system contains some
condition that flows information between high and low users.

* A condition s of N such that s* n L = & is a potentially causal condition if
it link a high event to a low one, *s N H = &. A potentially causal condition
s 1s a causal condition if it is marked in the initial marking and there is an
event sequence that contains two of its low post events, if mg(s) > 0 then
there exists an event sequence t; ...t, and 2 < n s.t. t;,t, € s* N L.

A condition s of N such that s* n L = @ is a conflict condition if it is a
precondition of an high event, s*n H = @.

N is Place Based Non-Interference (PBNI) if, for all s € S, s is neither a
causal condition nor a conflict condition.
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* Causal region and conflict region are defined in a similar way. N is Region-
Based Non-Interference (RBNI) if, for all regions r € Reg(MG(N)), r is
neither a causal region nor a conflict region. If N is RBNI then N is also
PBNI. N is RBNIiff Sat(MG(N)) is PBNIL

These two properties, PBNI and RBNI, are structural because no notion of ob-
servational equivalence is considered in their definition; however, to be precise,
the definition of RBNI requires an exploration of the state space (marking graph),
hence it is in some sense a behavioural property.

The main results of Busi and Gorrieri [12] are:

* N is SNNIiff NV is NDC,

e if N is BNDC then /N is BSNNI,

N is BNDC iff N is SBNDC,
e if NV has no causal conditions then N is SNNI,
e if NV is PBNI then N is SBNDC,

These concepts have been implemented in a software tool [21].

6.2 Visibility

In our approach we consider an Elementary Net System, N = Np(N;)N4 =
(B, E, F,mg), made by two subsystems. The defender, Np = (Bp, Ep, Fp,m¥),
is a high-level system that offers a service to the environment through an interface.
The attacker, Ny = (Ba, E4, Fa,m{'), is a low-level system that wants to use the
service and wants to infer something on the defender system or wants to control
it. Let (3,m;) : N; » Ny and (v;,8;) : N - N; be N-morphisms that connect the
systems.

We assume that the defender wants to take hidden part of his local conditions.
We do not want that the attacker infer something about that conditions of the
defender. In our approach the observer (the attacker) is able to see only a part of
the system: the part of the composed system that mirrors itself and the interface
[19].

As an example, consider the three Elementary Net Systems shown in Fig. 6.1.

We compose the Net N; and N, using the interface /V;. The label suggest the
correspondence given by the morphisms; the resulting Net is shown in Fig. 6.2.

We want to know if a modification of the internal state of the defender can
affect the view of the system as observed by the observer. We assume that the
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t
ag ty 0 ty b1
ta, Py Po Py Po tby
P Po
a 4 4y 4 by
(a) V; (b) Ny (¢) N2

Figure 6.1: The two Net to be composed through the Net interface

ap by
ta0 Py Po tbO
a by,

1

Figure 6.2: The composed Net
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observer knows the structure of the system, and we want to know if he is not able
to infer the internal state of the defender by observing how the execution of the
system changes the state of the part of the system he is able to observe.

The non-interference properties we want to define use the notion of observ-
ability of low conditions of a system, i.e., what can be observed of a system from
the point of view of the observer.

We can now be more precise about what the attacker can infer about the valid-
ity of conditions of the whole system.

Definition 66. The attacker-view of a marking m of the system N is the restriction
of the marking on the conditions of N and Ny:
Vm e [mg),m,,, =mn(Bau By)
In general, the attacker is able to distinguish only subsets of markings of the
composed system.

Definition 67. We say that two distinct markings m, m’ € [mg) are attacker-view
equivalent if m,, , Lroa”

= ’]’)’LL
A marking m € [my) is distinguishable by the attacker if Bm' € [mg) : m,, , =
/

lrua®
The attacker has a complete distinguishability of the markings of the whole
system if:
vm) m, € [m()) 7mLIUA = m,LIuA = m= m,
The interesting cases are those in which there is no complete distinguishability.

We define as follows the conditions visible or invisible to the attacker.

Definition 68. A condition p € Bp \ By is invisible at a marking m4 € [m{') by
an attacker N 4 in isolation iff

dm,m' € [mg) :m(p) =0Am'(p) =1Am,,,, =m|, A =ma
Condition p € Bp \ By is invisible by N4 iff p is invisible for every m 4 € [m3'). If
a condition is not invisible then we say that it is visible.

We call Sp € Bp \ By the set of invisible conditions computed as in the
procedure reported below for an attacker N4, in the system N = Np(N;)N4.

We call S}, ¢ Bp ~ By the set of invisible conditions by all attacking Net
Systems NN 4, in the system N = Np(N;)N 4.
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pre
pre
b|
b, dy
post post
(a) NV; (b) Ny (c) No

Figure 6.3: Two Nets to be composed through the Net interface

6.2.1 Invisible conditions

To determine which conditions are in S, we follow this procedure:

* partition the reachable markings of the composed system according to the
markings of the attacker;

* for each marking of the attacker, compute the invisible conditions and
* compute the intersection of the sets of invisible conditions above.

Since the computation of all the markings of a Petri Net is exponential, to find
the set of invisible conditions is an exponential computation too.

Let us explain this procedure by means of the example of Fig. 6.3. The mor-
phisms from the Nets in Fig. 6.3a and 6.3c to the one in Fig. 6.3b are given by
identical names; the composed Net is shown in Fig. 6.4.

We use the markings of the composed system, shown in Table 6.1, and of the
attacker, Table 6.2, to compute Sp. Starting by the markings of the attacker N,
let us partition the markings of the composed system in sets of undistinguishable
markings as in Table 6.2. The same Table lists also the conditions invisible by
each marking of the attacker; the conditions invisible for Ny are {con3, cans},
given by the intersection of all of the computed S, sets.

To compute S}, we deal with every possible attacker compatible with the inter-
face N; with respect to the composition operation. We conjecture that the condi-
tions invisible by the interface (or to an attacker isomorphic to the interface) allow
to infer an upper bound to the set S7,. The cases in which the attacker is bisimilar
to the interface are discussed below.
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fONl
CsN1 C‘/
Figure 6.4: The composition of the Nets of Fig. 6.3
Cons | Cin3 | Canz | C3n3 | cans | Csns || Or || dona | dinva | dona
So 0 1 0 0 0 1 1 0 0 1
Sy 1 0 0 0 1 0 0 0 1 0
Sy 0 1 0 1 0 0 1 0 0 1
S3 0 0 1 0 1 0 0 0 1 0
Sy 1 1 0 0 0 0 1 1 0 0
Sy 1 1 0 0 0 0 1 0 0 1
Se 0 1 1 0 0 0 1 1 0 0
Sy 0 0 0 0 1 1 1 1 0 0
Sy 0 1 1 0 0 0 1 0 0 1
Sy 0 0 0 0 1 1 1 0 0 1
S1o 0 0 0 1 1 0 1 1 0 0
S 0 0 0 1 1 0 1 0 0 1
S 0 1 0 0 0 1 1 1 0 0
Si3 0 1 0 1 0 0 1 1 0 0
Table 6.1: Reachable states of system N;(/N;2) N, of Fig. 6.4
b lala | a possible markings of || conditions invisi-
R0 %2 the composed system || ble
Soall 110 ] 0| 1| S0 S S5 Se. S Sy || Lcovscanas cona,
C3N3,CaN3, C5N3}
Siall O[O0 ] 1]0| 5,85 {cons, cons}
Sy 1 1 0 0 Sa, Se, S7, S10. S12, {CON37 C1N3,C2N3,
Si3 C3N3,CaN3, CSNB}

Table 6.2: Reachable states of system N, of Fig. 6.3¢
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po | p1 | I-mg
(b) Ny
(@) N1(N1)Ny
ag | a1 | po | p1 | I-mg Do | p1|bo|br|I-mg

(c) Ny (d) N2

Table 6.3: The invariants of the Nets of Fig. 6.1 and 6.2

6.2.2 Invariants

We focus now on the study of what we can infer using invariant properties.

We see in Table 6.3 the invariants of the Nets of Fig. 6.1 and 6.2. Each
row represent an invariant on the conditions of the net and its last value is the
number of token the invariant contains. We see that the S-invariant I! is reflected
in I, Il{, I, the S-invariant I is reflected in I, and Ig is reflected in I5. 1, is not
preserved in Ny and N.

Looking at the invariants of the composed Net we can infer something on the
marking of the subsystems without directly observe their local states.

For example, take the initial marking of N7 ({N;) N,

mq = (011000)

and the invariant
I, = (110100)

Now, project mg on my,,_,, the marking observable by Ny:

TUA?®

moy,,. = (1000)

Which is the simpler hypothesis that N, could make on the marking of N7 (N;)No?
It could hypothesize that in all the conditions that he is not able to observe there
are no tokens. Let us call this “operator of extension” ext(m;) : B; - B, this
operator puts a zero for all the elements that were cancelled by the projection
operator, in the original position:

ext(mo),,,) = (001000)



126 CHAPTER 6. OBSERVABILITY
Now, do the product:
¢ (001000) =0

I e cxt(mo,,,) =

SO = O ==

but N, knows that this product gives 1. So, N, infer that in one of the 2 new
elements of ext(my,, ,) (the first two) there must be 1. N, hypothesizes that the
true marking of Ni(N;)N; can be either (011000) or (101000). N, has gained
information through the use of the invariants and the attacker-view of a marking.

Table 6.4 presents all the possible inferences we can do using the invariants in
case of partial observation of /V,. The cell colored in green are components of the
invariants.

Definition 69. For i = D, A, I, let N; = (B;, E;, Fi,m}) and N = Np(N;)N4 =
(B, E,F,my) be Elementary Net Systems and let (7;,0;) : N — N; be an N-
morphism. Let

* JP be the set of all the basic invariants that contain local conditions of Np,
o JAYL be the set of all the basic invariants that contain conditions of N 4,

* J; be the set of all the basic invariants that contain conditions of Np and
Ny, in other words the basic invariants concerning Np and visible by the
attacker:

(]

Jp =3P n gt
We are interested in all the invariants I € 3; and we can see these invariants as
composed of three parts:
I=1,ul,ul,

Note that, in every invariant, I, or I, , shall be equal to 0 because these invariants
can only concern N or be invariants of both subnets, created in the composition
(and that do not concern the interface).

For a marking m of the composed system we are able to infer some informa-
tion about the validity of some defender’s conditions in the following way:

o (AeTp, |my, L)+ [my, L, 1 < [T-mel1) = 3cel,, :m(c) >0

s (AeTy, my, L)+ [my, L, |1 = [T-melly) = Yee I, :m(c) =0
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Marking mo of Ny(N;)No | O | 1 | 1 | 0| 0| O
mg observed from Ny O[O0 |1]0]0]O0
I, 0] 0|O0OfO|O0O]|O

1, O 0,00 0O

(a)

Marking my in Ny(N;)No | O | O | O | 1 | 1|0
m, observed from Ny 0,0 01|10
I, 0|00 L |[1]0

I, O] 0[O0 | 1f1 O

(b)

ap | a1 | po | p1 | bo | b1

Marking mgyin Ny(N;)No | O | O | O [ 1 | O |1
my observed from N, 0O 0|0 |1]0]1
I, 0] 0|01 0|1

I, 0|0 [0 |1770]|L

()

ag | a1 | po | p1|bo| b1

EENENE

Marking mzin Ny(N;))No | 1 | O | 1 |0 | 0| O
ms observed from Ny 0,0, 10|00
I, 0O 0|10 01O

I, 0O 0|1,0}0]0

(d)
Table 6.4: Example of markings of N1(N;)N,
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In the Net of Fig. 6.2 the interesting invariants are J; = {I,,I,}. We see in
Table 6.4a that N5 infers that ag or a; is marked.

Therefore the attacker is able to make assertions on the possible states the
whole system is in. However, as we have seen above, the attacker is able to make
assertions only on certain conditions of the defender. This way the attacker is able
to construct a range of possible markings of the whole system.

In the above example N, hypothesizes that the original marking is (011000)
or (101000).

But in a real system the set of possible markings is larger and also is too
difficult to construct the set of reachable markings. Checking the reachability of
a marking is NP-complete, while a sufficient condition for non reachability of a
given marking m € S is non existence of o’ € ZI"l such that C'- o’ = m —m, which
is polynomial time [42]. Using this remark, the attacker can reject some of the
possible markings, in the best case remaining with only one possible marking.

We can also assert that under certain constraints the attacker is always able to
block the defender choosing not to fire some event. For example, in the system
shown in Fig. 6.2, the attacker is able to decide to not fire the event f,. So, when,
in the composed system, the event ¢; fires, the attacker, with its decision of not
doing an action, blocks the whole system.

Is it possible to decide how much a defender is dependent or independent on
its interface? In a very simple way we can decide if a system is dependent on its
interface in the following way:

Definition 70. Let b,c € B; we say that b weakly covers c if it exists a basic
invariant I that contains b and c.

A condition b € S weakly covers a set of conditions C' if it weakly covers each
condition ¢; € C.

If b € By weakly covers all the conditions of the defender, Bp, we say that the
defender is weakly dependent from the interface.

If we restrict the above definitions using only monomarked invariants, we use
the word cover.

Let S; € Bp be the set of all the conditions of the defender not covered by
conditions of the interface:

Sy={pe Bp:3Abe By, bcovers p}

In the Net of Fig. 6.2, as we see from the invariants shown in Table 6.3c, we
say that NV; depends from the interface through p;.

In Fig. 6.5 we see a Net, 6.5a, that is not covered by any condition of the
interface and, so, that is not dependent from the interface.
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th,
ty
bl
Yo 4—9 by
thy Py Po
Py Po tby
bZ
m4 4y 4 b,
(a) N1 (b) NQ

Figure 6.5: Two Nets to be composed through the Net interface shown in Fig.
6.3b

bo | by | by | b3 | by | b5 | bs | I-m
0 |91 [ 02|03 0405 b6 0 2o o1 | 0o 1 01 | T-mg

o111 1
11 1(0]0| 1

b) Invariants of the Net in Fig.
(a) Invariants of the Net in Fig. 6.5a (6 ;b &

»—Ar—AO?
- olol®
—_
o
o
—
—
—
o

—_
—_
—_
o
]
]
]

—_ = =

Table 6.5: The invariants of the Nets of the Fig. 6.5
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§.: 000110
5]

th,
%

,: 000101

Figure 6.6: The reachability graph of the Net of Fig. 6.2 with the observability of
the attacker

The dependence condition is sufficient to assert that there exists an attacker
able to block the defender, however we don’t know if it necessary. And, more
important, is the contrary true? If a Net is not dependent on the interface is that
Net independent? Is it impossible to block an independent Net?

We conjecture that it is not possible to block a non-dependent Net. This is
because, informally, the attacker is able to block the interface but in this case this
is not sufficient to block the defender. How can we formally prove this aspect?

Proposition 52. Fori =D, A, I, let N; = (B;, E;, F;,m{) and N = Np(N[)N4 =
(B, E, F,mgy) be Elementary Net System and let (7;,6;) : N - N; be an N-
morphism. Let G; denote the domain of the partial function n;.

If there is a reachable marking my, € [mg) that is distinguishable for the at-
tacker and that enables only events local to the attacker

Vee Elmy[e),e ¢ ((E1NGi)U Egyne)
then we say that the attacker blocks the whole system.

We also check this condition in a graphical way by using the reachability
graph. We have to modify the graph in order to underline the observability of
the attacker, as we see in Fig. 6.6.

We see that N, blocks the system in the marking S; not firing ¢b;.

It is possible for a defender to expose an interface that do not permits the cre-
ation of unwanted invariants? With this composition it is impossible to generate
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Cho | C1 | Cy | C3 | Cq | Cs b[ I. mo
110jo0{1]0/0 1
r{oy1r{1,0}1/0 1

Table 6.6: The invariants of the Nets of Fig. 6.3a

b(] b[ bl b2 I. mo
11171 1

Table 6.7: The invariants of the Nets of Fig. 6.7a

new T'-invariants in the composition. As we see in Theorem 1, all the invari-
ants of the composed Net are reflected in invariants of the subnets. So with this
composition we only resolve global conflicts in local way.

Now we show that, even if a condition of the defender is not covered by a
condition of the interface, it is possible that this condition is visible, that is Sp #
Sg-

The invariants of the Net in Fig. 6.3a are listed in Table 6.6. As we see, no one
of the conditions of /V; are in an invariant with the only condition of the interface,
S0 Sy = {co, 1,09, C3, 4,5} s0 how can be possible that one of these condition is
visible by the attacker?

Nevertheless, consider all the markings of the attacker, Vs, listed in Table 6.2
and the markings of the composed system, listed in Table 6.1. The condition ¢,
of the defender, that is in S¢, is visible because in the marking S1 4 the attacker
is sure that there is a token in ¢, because there are no markings of the composed
system in which ¢, is not marked and such that this marking is seen as S1 4 by the
attacker.

So, now we know that Sy # Sp and that S ¢ Sp.

Let us show you another example. In Fig. 6.7 you see the defender (6.7a), the
attacker (6.7¢) and the interface (6.7b).

The morphisms from the Nets in Fig. 6.7a and 6.7c to the one in Fig. 6.7b are
given by identical names; the composed Net is shown in Fig. 6.7d.

The invariants of 6.7a are listed in Table 6.7. As we see, all the conditions of
N, are in an invariant with the only condition of the interface, so Sy = ¢ and how
can be possible that one of these condition is invisible by the attacker?

Nevertheless, consider the only marking of the attacker, No, cg =0,b; =0,¢; =
0, and the markings of the composed system, listed in Table 6.8. The conditions
bo and b, of the defender, that are not in Sy, are invisible because the only marking
of the attacker correspond to all the markings of the composed Net and in these
markings by and b; are once marked and once not.

Now we are able to say that Sp ¢ 5.
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pre
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=
(0]
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[¢]
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post b, post P
é b, post é S b, S
(a) NV, (b) Nt (c) N2 (d) N1(N1)N

Figure 6.7: Two Nets to be composed through the Net interface and the resulting
Net

b() b1 b2 b] Co | C1
SO 1,00} O0}|0]O
SL|IO0O]|1]O0]O0YO0O0]|O

Table 6.8: The markings of the Nets of Fig. 6.7d
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6.2.3 Invisible and visible conditions: results

Let us now prove the central result. We define a necessary constraint for a defined
attacker N4 such that a condition of the defender is not in Sp. This happens when
a condition of the defender is in a monomarked invariant with a condition of the
interface. In this case, it is possible to construct an attacker (isomorphic to the
interface itself) with a marking in which that condition is visible.

Theorem 12. Let Np, N; be bisimilar Elementary Net Systems, and (Sp,np) :
Np — N; an N-morphism. If Ny is 1-live and b € Bp ~ B (Bry),i € By (Br)
satisfies b,i € Ip with Ip monomarked S-invariant of Np, then b is visible by
each attacker bisimilar to the interface.

Proof. Consider an attacker isomorphic to the interface, N4 = N;. Given that we
consider each attacker bisimilar to the interface, if we prove that this result holds
for the interface, it holds for all these attackers too.

Since S-invariants are reflected, Ip is an invariant of the composed Net (that
in this case is isomorphic to Np). So, if we reach a marking m in which m(i) = 1
then we are sure that m(b) = 0 and then b is visible. If mg(i) = 1 this is the
marking we are looking for. Suppose mg(7) = 0. Since N is an Elementary Net
System, $p(7) is not isolated. If *Sp (i) = @, then Bp(i) should have at least a
post-event. In this case this post-event is dead while N; is 1-live by hypothesis.
So, the preset of 5p () is not empty. Given that N; is 1-live, an event in the preset
of Bp(7) fires at some reachable case. Let us call u € £ a sequence of events
such that m{ [u) m{ and m{(8p(4)) = 1. From the assumption that Np ~» N; with
the labelling function h : Ep — E;u {7} we deduce that 3w € E}, : h(w) =
u,m [wymP mP (i) =1. o

The Theorem does not state conditions of bisimilarity between the attacker
and the interface. Nevertheless, an attacker not bisimilar to the interface is of
no interest since it can introduce some limitations of behaviour of the composed
system and hide to itself some visible parts of the defender.

As an example, in Fig. 6.8 (where the N-morphisms are implicitly defined by
the identical labels on conditions and events), the attacker is not bisimilar to the
interface and event (e, ¢) of the composed system is dead. Conditions c3 and ¢,
are visible by the attacker, as we see in Fig. 6.9 and Tables 6.10 and 6.9. Instead,
if we modify the initial marking for the attacker /V, by adding a token in condition
d,, the attacker becomes bisimilar to the interface. In this case, conditions ¢; and
co of N7 become visible together with c3 and c¢y.

The explicit request in the Theorem for a defender bisimilar to the interface is
motivated by the fact that the interface is the protocol of interaction of the defender
with the other systems. Consequently, it is reasonable to expect that the defender
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< < dy
e; > i ) by € *’? by
€ by
fo by e, f) by e 9%
b e,
e, b, e, b,
G Q e 4—6 b, do
(a) Ny (b) Ny (c) N2

Figure 6.8: Two Elementary Net Systems to be composed through the interface

Ny
ConD / C1ND
<e, e ‘}@ b,

1
fOND bo <e, e,> f
>

<€y €9
C3nD

Figure 6.9: The composition of the Elementary Net Systems of Fig. 6.8

> dina

1IND 9ona

C2nD

ONA

possible markings of || . . . .
by | by | by | dy | dy || the composed sys- invisible  condi-
o | b1 | D2 0 1 p ys tions
tem
Soa |l O 110 0[O0 So S {cinp, canp}
Siall 0011010 5,5 {cinp,canp}

Table 6.9: Reachable states of system /V; of Fig. 6.8a
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bo | b1 | by || conp | cinDp | CanD | Csnp || dona | dina
Soll O 110 0 1 0 0 0 0
Sill o101 0 1 0 0 0 0
Se O] 110 0 0 1 0 0 0
S3 0101 0 0 1 0 0 0

Table 6.10: Reachable states of system Ni(N;)N, of Fig. 6.9

respects its own contract with the environment. The request for a live interface
is reasonable as well for the same motivation. Finding an S-invariant containing
a condition of the interface and a condition local to the defender is necessary to
establish a channel that brings information from the local part of the defender to
a part shared with the attacker. Computing the minimal invariants of a Net is an
N P-complete problem [14], nevertheless, several tools compute it. For instance
CPN-AMI, GreatSPN, mist2, Petruchio, Platform Independent Petri Net Editor,
PNetLab, ProM framework.

6.2.4 Measuring visibility

In this section, we sketch a first attempt to give a measure of the uncertainty related
to visibility. Intuitively, visible or invisible conditions are opposite ends of some
kind of spectrum of visibility and, in Def. 68, we do not weight the relative
persistence of the invisible condition p in marking m or m/.

For example, in Table 6.2, attacker case Sy 4, condition b3 is more frequently
un-marked than marked. Consequently, we could consider byx3 as a random vari-
able whose average information content - persistence in a given local state - de-
pends on the chosen marking of the attacker.

Traditionally, entropy is a measure of the uncertainty associated with a ran-
dom variable. Consequently, a measure of the uncertainty of the marking for a
given defender condition in a given attacker marking can be given, as usual in
information science, using Shannon’s entropy:

the entropy H of a discrete random variable X = {x1, ..., x,} with p denoting the
probability mass function of X is H(X) = - Y7, p(x;) logy p(z;).

For example, with reference to Table 6.2, let us calculate the entropy of byns
seen as variable with possible values in {0, 1} with respect to the attacker marking
Soa- Marking Sp4 “covers” {Sp, Sz, S5, Ss, So, S11} and, with reference to Table
6.1, we can divide this set in two subsets: one in which byy3 = 0, { S, S2, Ss, S9, S11},
and one with byys = 1, {S5}. By plain computation of the relative frequen-
cies of persistence in a state, the entropy is H (bons) = — Yoy p(2:) log, p(z;) =
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-5/61log,5/6 — 1/61log, 1/6 = 0,65. So byng in Sy, is invisible at 65%.

6.3 Classes of systems

Definition 71. The attacker-view of a marking sequence ms = my ... my, of the
system N is the sequence of the attacker-view of every marking m;,1 <i < n of
ms, if this view is different from the previous one:

6|JuA =€

ms _ {ml e 'mn—l}LluAmnhuA ifmnl[uA FMp-1}754
hua {my..omna},oa otherwise

Definition 72. Two marking sequences ms, ms’ € M .S are attacker-view equiva-
lent if ms,, , =ms] . o
A marking sequence ms € M S is distinguishable by the attacker if 3ms’ €

. — /
MS:ms, . =ms|, .

Definition 73. The attacker has a complete distinguishability of the marking se-
quences of the whole system if:

!

Vms,ms' € MS,ms,, , =ms|, , = ms=ms

TUA Iu

Definition 74. We say that N is attacker-view equivalent fo N 4, denoted by N ~
Na, iff [mo),, , = [m§). In this case we say that N is Nondeterministic Non-
Visible (NNV for short).

We say that N is strong attacker-view equivalent to N4, denoted by N ~ N 4,
iff MS,, . = MSa. In this case we say that N is Strong Nondeterministic Non-
Visible (SNNV for short)

Intuitively, the property Strong Nondeterministic Non-Visible says that a sys-
tem is secure if what the attacker see does not depend on the fact that it is com-
posed with the defender.

Now, take N ~B15 N; with rp as bisimulation function

rp ={(mp,my) :mp,, =m;}
and let E; be a set of labels, with the label functions:

[ is the identity function

lD =Np VY {Vep\np(ep) = undefined s (61),7’)}
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then the Theorem 4.5 in [6] states that NV ~B5 N, with r as bisimulation function

r={(m,ma):m,,, =ma}
taking F/4 as the set of labels, with the label functions:
[ 4 is the identity function
l=04U{Ve|da(e) = undefined , (e, 7)}
Theorem 13. If Np ~BS N, N is NNV for every N 4.

Proof. * [mo),, , 2[m{)?

the existence of the bisimulation between /N and N4 implies that

Vmy € [m()“) ,(Am e [mg) : (m,my) er = M4 =MA

> [mo)y,,, €[my)?

the existence of the bisimulation between N and N4 implies that

:mA

Vm e [mg),Ima € [mg‘) s(m,ma)er=m,,,

Theorem 14. If Np ~B15 N, N is SNNV for every N 4.
Proof. * MS,, ,2MS4?

TuA —
by induction on the length of the marking sequence:

base ¢, , =¢

induction step let us take a marking sequence ms’, € MS, : ms =
ms’'my}, by hypothesis Ims’ € MS:ms| =msitiz>n-1.
Now, take the event e4 € E4 : m” | [e4) mZ and take the last marking

e
of mst: m;, m;,,, =mA |; the bisimulation states that

:mA

Im e [mg),Fve E*,14(v) =ea:m;[v)ym, (m,mi) er =m,, , =mi

Assume that v = e;...egea€p41...€5, Withe, € EpNGp,z=1...j
(otherwise the label function map the event in £ 4). The construction
of the composed Net assure that these events are pre or post only of
local conditions of Np, and so they do not change the projection of
the marking.

n _ n-1,,A _ . _
So, MS 4 =MSy, "My = M)A pga = MS 0
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« MS,, ,SMS,?

IuA —
by induction on the length of the marking sequence:

base ¢, , = ¢

induction step let us take a marking sequence ms™ € M.S : ms™ = ms"'m,,

by hypothesys, we know that Ims’y € MSy :ms} ! =ms’y,i<n-1.

Now, take the event e € F : m,,_; [€) m,,, this event can be:

— e € Ep \ Gp (the labelling function does not map it): the con-
struction of the composed Net assure that this event are pre or
post only of local conditions of Np, and so it do not change the
projection of the marking

Mnlua = Mn-1104 =M

_ n-1 _ i
—msL N =MmMSy

Iu

n
mSLIUA

- e e Ex(Ep~Gp) (the labelling function does map it): the bisim-
ulation states that

A A

A . A
Imi,, € [mo ) im;

i [6> miﬁl? (mnv mﬁ-l) €T = Mnp)x = Mgy

i+1

n-l = msymi, = ms;

no _
S|4 TS Minga

6.4 Final remarks on Observability

We aimed at defining structurally the notion of visibility between composed sub-
systems in order to isolate the unwanted information flows between a hypothetical
defender system and an attacker system whose interactions are coordinated by an
interface. In the context of information science, our work is naturally placed in
the field of non-interference as reported in the introduction.

We managed to use traditional tools in the study of Petri Nets like invariants,
for the definition of the properties of our interest. In the context of this work we
did not use 7 -invariants because they are more related to the concept of control-
ling the defender than to the concept of visibility. We reached a preliminary result
in a direction worth to be explored further. Next steps will be in the direction
of a finer characterization of the statistical dependence between the subsystems,
in proving the conjecture concerning the dependence between all the possible az-
tackers and the interface, and in using different c-morphisms for the definition of
the composition in order to avoid the use of bisimilarity relations in the proofs.
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Conclusions

In this thesis, we take inspiration from morphisms already presented in the liter-
ature to define new morphisms for the refinement of systems. In particular, we
focus on the refinement on local states and choose, as reference model, Elemen-
tary Net Systems. The morphism we define, called a-morphism, relies mainly
on structural constraints; the only exceptions are based on the local behaviours
of subnets. With this definition, a-morphisms preserve reachable markings and
reflect sequential components, meaning that the inverse image of a sequential
component is a subnet of the refined Net covered by sequential components. By
imposing additional behavioural constraints on the refining subnet and its envi-
ronment, the c-morphisms reflect behaviour and induce a bisimulation between
the refined Net and the abstract one. A natural development of this part consists
in defining and studying categories related to the new morphisms, and functors
relating these categories. These functors would set a correspondence between a
structural view and a behavioural view of concurrent systems. In a different direc-
tion, we plan to define and study morphisms analogous to c.-morphisms for more
general classes of Petri Nets, such as Place Transition or High level Nets.

From a more practical point of view, the results summarised so far can be used
as theoretical basis upon which to build a set of tools for system designers. In this
thesis we present a couple of examples in the form of simple Net transformations
that guarantee the existence of morphisms from the refined Net to the original one.
The final target is a set of complete transformations for a given kind of morphism.

A notion of visibility related to information flow in a distributed system has
been studied by several authors. We applied to this field the idea of composition
presented in this thesis. We consider a system made of an attacker and a defender
interacting through an interface. The defender wants to keep secrets some infor-
mation represented by its local conditions. We assume that the attacker is not able
to directly observe the local state of the defender, however it knows its structure.
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In this field we define a new kind of observability, related to conditions. We obtain
a first result based on invariant properties of the model, that states the conditions
under which some local states of the defender become visible to the attacker. The
results presented here are stated in terms of N-morphisms. We plan to explore
the applicability of a-morphisms. This would allow to relax some behavioural

constraints.



Bibliography

[1]

[3]

Andrea Asperti and Giuseppe Longo. Categories, Types, And Structures: An
Introduction to Category Theory for the Working Computer Scientist. Foun-
dations of Computer Science. M.L.T. Press, 1991.

Paolo Baldan, Stefan Haar, and Barbara Konig. Distributed Unfolding of
Petri Nets. In Luca Aceto and Anna Ing6lfsdéttir, editors, FoSSaCS, volume
3921 of Lecture Notes in Computer Science, pages 126—141. Springer, 2006.

Marek A. Bednarczyk, Luca Bernardinello, Benoit Caillaud, Wieslaw
Pawlowski, and Lucia Pomello. Modular System Development with Pull-
backs. In Wil M. P. van der Aalst and Eike Best, editors, /[CATPN, volume
2679 of Lecture Notes in Computer Science, pages 140—160. Springer, 2003.

Luca Bernardinello, Elisabetta Mangioni, and Lucia Pomello. Composition
of Elementary Net Systems based on a-morphisms. In Kohler-BuBmeier
[23], pages 87-102.

Luca Bernardinello, Elisabetta Mangioni, and Lucia Pomello. Local State
Refinement on Elementary Net Systems: an Approach Based on Morphisms.
In Lawrence Cabac, Michael Duvigneau, and Daniel Moldt, editors, Petri
Nets and Software Engineering. International Workshop, PNSE’12, Ham-
burg, Germany, June 25-26, 2012. Proceedings, volume 851 of CEUR Work-
shop Proceedings, pages 138—152. CEUR-WS.org, 2012.

Luca Bernardinello, Elena Monticelli, and Lucia Pomello. On Preserving
Structural and Behavioural Properties by Composing Net Systems on Inter-
faces. Fundamenta Informaticae, 80(1-3):31-47, 2007.

Eike Best and César Ferndndez C. Nonsequential processes: a Petri net
view. EATCS monographs on theoretical computer science. Springer-Verlag,
1988.

141



142

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

BIBLIOGRAPHY

Eike Best, Philippe Darondeau, and Roberto Gorrieri. On the Decidability of
Non Interference over Unbounded Petri Nets. In Konstantinos Chatzikoko-
lakis and Véronique Cortier, editors, SecCo, volume 51 of EPTCS, pages
16-33, 2010.

Gérard Boudol. Secure Information Flow as a Safety Property. In Degano
et al. [13], pages 20-34.

Wilfried Brauer, Robert Gold, and Walter Vogler. A survey of behaviour
and equivalence preserving refinements of petri nets. Advances in Petri Nets
1990, pages 1-46, 1991.

Jeremy W. Bryans, Maciej Koutny, and Peter Y. A. Ryan. Modelling Opacity
Using Petri Nets. Electronic Notes Theoretical Computer Science, 121:101—
115, 2005.

Nadia Busi and Roberto Gorrieri. A Survey on Non-interference with Petri
Nets. In Jorg Desel, Wolfgang Reisig, and Grzegorz Rozenberg, editors,
Lectures on Concurrency and Petri Nets, volume 3098 of Lecture Notes in
Computer Science, pages 328-344. Springer, 2003.

Pierpaolo Degano, Joshua D. Guttman, and Fabio Martinelli, editors. For-
mal Aspects in Security and Trust, Sth International Workshop, FAST 2008,
Malaga, Spain, October 9-10, 2008, Revised Selected Papers, volume 5491

of Lecture Notes in Computer Science. Springer, 2009.

Jorg Desel. Basic Linear Algebraic Techniques for Place or Transition Nets.
In Reisig and Rozenberg [40], pages 257-308.

Jorg Desel and Agathe Merceron. Vicinity Respecting Homomorphisms for
Abstracting System Requirements. Transactions on Petri Nets and Other
Models of Concurrency, 4:1-20, 2010.

Javier Esparza, Stefan Romer, and Walter Vogler. An Improvement of
McMillan’s Unfolding Algorithm. Formal Methods in System Design,
20(3):285-310, 2002.

Javier Esparza and Manuel Silva. Circuits, handles, bridges and nets. In
Grzegorz Rozenberg, editor, Applications and Theory of Petri Nets, volume
483 of Lecture Notes in Computer Science, pages 210-242. Springer, 1989.

Eric Fabre. On the Construction of Pullbacks for Safe Petri Nets. In S. Do-
natelli and P.S. Thiagarajan, editors, ICATPN, volume 4024 of Lecture Notes
in Computer Science, pages 166—180. Springer, 2006.



BIBLIOGRAPHY 143

[19]

[20]

[22]

[23]

[26]

[27]

Carlo Ferigato and Elisabetta Mangioni. Inference of Local Properties in
Petri Nets Composed through an Interface. In Kohler-BuBmeier [23], pages
71-84.

Riccardo Focardi and Roberto Gorrieri. Classification of Security Proper-
ties (Part I: Information Flow). In Riccardo Focardi and Roberto Gorrieri,
editors, FOSAD, volume 2171 of Lecture Notes in Computer Science, pages
331-396. Springer, 2000.

Simone Frau, Roberto Gorrieri, and Carlo Ferigato. Petri Net Security
Checker: Structural Non-interference at Work. In Degano et al. [13], pages
210-225.

Jonathan Hayman and Glynn Winskel. The unfolding of general Petri nets.
In Ramesh Hariharan, Madhavan Mukund, and V. Vinay, editors, FSTTCS,
volume 2 of LIPIcs, pages 223-234. Schloss Dagstuhl - Leibniz-Zentrum
fuer Informatik, 2008.

Michael Kohler-BuBmeier, editor. Joint Proceedings of the Sth Interna-
tional Workshop on Logics, Agents, and Mobility (LAM’12), the 1st Interna-
tional Workshop on Petri Net-based Security (WooPS’12), and the 2nd Inter-
national Workshop on Petri Nets Compositions (CompoNet’12), Hamburg,
Germany, June 25-26, 2012, volume 853 of CEUR Workshop Proceedings.
CEUR-WS.org, 2012.

Charles Lakos. On the Abstraction of Coloured Petri Nets. In Pierre Azéma
and Gianfranco Balbo, editors, ICATPN, volume 1248 of Lecture Notes in
Computer Science, pages 42—61. Springer, 1997.

Saunders Mac Lane. Categories for the working mathematician. Springer-
Verlag, New York, 1971.

Elisabetta Mangioni. Morphisms for composition on interfaces. Poster at
ICATPN 2011 Newcastle (International Conference on Application and The-
ory of Petri Nets).

Marek A. Bednarczyk and Andrzej M. Borzyszkowski. On concurrent
realization of reactive systems and their morphisms. In Hartmut Ehrig,
Gabriel Juhas, Julia Padberg, and Grzegorz Rozenberg, editors, Unifying
Petri Nets, volume 2128 of Lecture Notes in Computer Science, pages 346—
379. Springer, 2001.



144 BIBLIOGRAPHY

[28] Laurent Mazaré. Using unification for opacity properties. In In Proceedings
of the Workshop on Issues in the Theory of Security (WITS), pages 165-176,
2004.

[29] Robin Milner. Communication and concurrency. Prentice-Hall, Inc., Upper
Saddle River, NJ, USA, 1989.

[30] Edward F. Moore. Gedanken Experiments on Sequential Machines. In
Claude Elwood Shannon and John McCarthy, editors, Automata Studies,
volume 34 of Annals of mathematics studies, pages 129—153. Princeton Uni-
versity Press, 1956.

[31] Mogens Nielsen, Grzegorz Rozenberg, and P. S. Thiagarajan. Elementary
Transition Systems. Theoretical Computer Science, 96(1):3-33, 1992.

[32] Mogens Nielsen, Grzegorz Rozenberg, and P. S. Thiagarajan. Elementary
Transition Systems and Refinement. Acta Informatica, 29(6/7):555-578,
1992.

[33] Mogens Nielsen and Glynn Winskel. Petri Nets and Bisimulation. Theoret-
ical Computer Science, 153(1&2):211-244, 1996.

[34] Julia Padberg and Milan Urbasek. Rule-Based Refinement of Petri Nets:
A Survey. In Hartmut Ehrig, Wolfgang Reisig, Grzegorz Rozenberg, and
Herbert Weber, editors, Petri Net Technology for Communication-Based Sys-

tems, volume 2472 of Lecture Notes in Computer Science, pages 161-196.
Springer, 2003.

[35] David Michael Ritchie Park. Concurrency and Automata on Infinite Se-
quences. In Peter Deussen, editor, Theoretical Computer Science, volume
104 of Lecture Notes in Computer Science, pages 167—183. Springer, 1981.

[36] Carl Adam Petri. Concepts of Net Theory. In MFCS, pages 137-146. Math-
ematical Institute of the Slovak Academy of Sciences, 1973.

[37] Carl Adam Petri. Concurrency. In Wilfried Brauer, editor, Advanced Course:
Net Theory and Applications, volume 84 of Lecture Notes in Computer Sci-
ence, pages 251-260. Springer, 1975.

[38] Lucia Pomello and Luca Bernardinello. Formal Tools for Modular System
Development. In Jordi Cortadella and Wolfgang Reisig, editors, ICATPN,
volume 3099 of Lecture Notes in Computer Science, pages 77-96. Springer,
2004.



BIBLIOGRAPHY 145

[39] Lucia Pomello, Grzegorz Rozenberg, and Carla Simone. A survey of equiv-
alence notions for net based systems. In Grzegorz Rozenberg, editor, Ad-
vances in Petri Nets: The DEMON Project, volume 609 of Lecture Notes in
Computer Science, pages 410—472. Springer, 1992.

[40] Wolfgang Reisig and Grzegorz Rozenberg, editors. Lectures on Petri Nets
I: Basic Models, Advances in Petri Nets, the volumes are based on the Ad-
vanced Course on Petri Nets, held in Dagstuhl, September 1996, volume
1491 of Lecture Notes in Computer Science. Springer, 1998.

[41] Grzegorz Rozenberg and Joost Engelfriet. Elementary Net Systems. In
Reisig and Rozenberg [40], pages 12—-121.

[42] Manuel Silva, Enrique Teruel, and José Manuel Colom. Linear Algebraic
and Linear Programming Techniques for the Analysis of Place or Transition
Net Systems. In Reisig and Rozenberg [40], pages 309-373.

[43] Walter Vogler. Executions: A New Partial-Order Semantics of Petri Nets.
Theoretical Computer Science, 91(2):205-238, 1991.

[44] Robert Frank Carslaw Walters. Categories and computer science. Cam-
bridge University Press, Cambridge, 1992.

[45] Glynn Winskel. Petri Nets, Algebras, Morphisms, and Compositionality.
Inf. Computer, 72(3):197-238, 1987.

[46] Glynn Winskel. Topics in Concurrency Lecture Notes, 2009.

[47] J. Todd Wittbold and Dale M. Johnson. Information Flow in Nondetermin-
istic Systems. In IEEE Symposium on Security and Privacy, pages 144-161,
1990.



