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Abstract

Establishing equivalences between programs is crucial both for verifying cor-
rectness of programs and for justifying optimisations and program transforma-
tions. There exist several equivalence relations for programs, and bisimulations
are among the most versatile of these equivalences. Among bisimulations one
distinguishes strong bisimulation that requires that each action of a program is
simulated by a single action of the equivalent program, and weak bisimulation
that allows some of the actions to be invisible, and thus not simulated.

pNet is a generalisation of automata that model open systems. They fea-
ture variables and hierarchical composition. Open pNets are pNets with holes,
i.e. placeholders that can be filled later by sub-systems. However, there is
no standard tool for defining the semantics of an open system in this context.
This article first defines open automata that are labelled transition systems with
parameters and holes. Relying on open automata, it then defines bisimilarity
relations for the comparison of systems specified as pNets. We first present
a strong bisimilarity for open pNets called FH-bisimilarity. Next we offer an
equivalence relation similar to the classical weak bisimulation equivalence, and
study its properties. Among these properties we are interested in compositional-
ity: if two systems are proven equivalent they will be indistinguishable by their
context, and they will also be indistinguishable when their holes are filled with
equivalent systems. We identify sufficient conditions to ensure compositionality
of strong and weak bisimulation. The contributions of this article are illustrated
using a transport protocol as running example.
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1. Introduction

In the nineties, several works extended the basic behavioural models based
on labelled transition systems to address value-passing or parameterised sys-
tems, using various symbolic encodings of the transitions [15] 35]. These works
use the term parameter to designate variables whose value have a strong influ-
ence the system structure and behaviour. In parameterised systems, parameters
can typically be the number of processes in the system or the way they inter-
act. In [32 25], Lin, Ingolfsdottir and Hennessy developed a full hierarchy of
bisimulation equivalences, together with a proof system, for value passing CCS,
including notions of symbolic behavioural semantics and various symbolic bisim-
ulations (early and late, strong and weak, and their congruent versions). They
also extended this work to models with explicit assignments [38]. Separately
Rathke [26] defined another symbolic semantics for a parameterised broadcast
calculus, together with strong and weak bisimulation equivalences, and devel-
oped a symbolic model-checker based on a tableau method for these processes.
Thirty years later, no verification platform uses this kind of approaches to pro-
vide proof methods for value-passing processes or open process expressions,
perhaps because of the difficulty to apply these methods on industrial systems.

This article provides a theoretical background that allows us to implement
such a verification platform. We build upon the concept of pNets that we have
employed to give a behavioural semantics of distributed components and verify
the correctness of distributed applications in the past 15 years. pNets is a low
level semantic framework for expressing the behaviour of various classes of dis-
tributed languages, and as a common internal format for our tools. pNets sup-
port the specification of parameterised hierarchical labelled transition systems:
labelled transition systems with parameters can be combined hierarchically.

We develop here a semantics for a model of interacting processes with pa-
rameters and holes. Our approach is originally inspired from Structured Op-
erational Semantics with conditional premises as in [20, 45]. But we aim at a
more constructive and implementable approach to compute the semantics (in-
tuitively transitions including first order predicates) and to check equivalences
for these open systems. The main interest of our symbolic approach is to de-
fine a method to prove properties directly on open structures; these properties
will then be preserved by any correct instantiation of the holes. As a conse-
quence, our model allows us to reason about composition operators as well as
about realistic distributed systems. The parametric nature of the model and
the properties of compositionality of the equivalence relations are thus the main
strengths of our approach.

pNets. pNet is a convenient model to model concurrent systems in a hierarchical
and parameterised way. The coordination between processes is expressed as
synchronisation vectors that allow for the definition of complex and expressive
synchronisation patterns. Open pNets are pNets for which some elements in the



hierarchy are still undefined, such undefined elements are called holes. A hole
can be filled later by providing another pNet. This article first defines pNets
and illustrates with an example how they can be used to provide the model of
a communicating system.

A semantics for open pNets based on open automata. The semantics of pNets
can be expressed as a translation to a labelled transition system (LTS), but only
if the pNet has no parameter and no hole. Adding parameters to a LTS is quite
standard [38] but enabling holes inside LTSs is not a standard notion.

To define a semantics for open pNets we thus need LTSs that have both
standard variable parameters, and process parameters, i.e. holes that can be
filled by processes. We call such LTSs with parameters and holes open automata.
The main goal of this article is to define the theory behind open automata and
to use them to provide a semantics and prove compositionality properties for
open pNets. The transitions of open automata are much more complex than
transitions of an LTS as the firing of a transition depends on parameters and
actions that are symbolic. This article defines the notion of open transition,
namely a transition that is symbolic in terms of parameters and coordinated
actions.

Note that even if open transitions look similar to the notion of Transition
System Specification [23], 22] and other forms of SOS rules, they are not struc-
tural rules, but rules defining the behaviour of the global states of the system.

Unlike pNets, open automata are not hierarchical structures, we consider
them here as a mathematical structure that is convenient for formal reasoning
but not adapted to the definition of a complex and structured system. Open
transitions are expressed in terms of logics while the communication in pNets
is specified as synchronisation vectors that specify synchronised actions. Open
automata could alternatively be seen as an algebra that can be studied inde-
pendently from its application to pNets but their compositionality properties
make more sense in a hierarchical model like pNets.

Previous works and contribution

While most of our previous works relied on closed, fully-instantiated se-
mantics [6 (2, 27], it is only recently that we could design a first version of a
parameterised semantics for pNets with a strong bisimulation equivalence [2§].
This article builds upon this previous parameterised semantics and provides a
clean and complete version of the semantics with a slightly simplified formalism
that makes proofs easier. It also adds a notion of global state to automata.
Moreover, in [28] the study of compositionality was only partial, and in partic-
ular the proof that bisimilarity is an equivalence is one new contribution of this
article and provides a particularly interesting insight on the semantic model
we use. The new formalism allowed us to extend the work and define weak
bisimulation for open automata, which is entirely new. This allows us to define
a weak bisimulation equivalence for open pNets with valuable compositionality
properties. To summarise, the contribution of this paper are the following:



e The definition of open automata: an algebra of parameterised automata
with holes, and a strong bisimulation relation. This is an adaptation of [28]
with an additional result stating that strong FH-bisimilarity is indeed an
equivalence relation.

e A semantics for open pNets expressed as translation to open automata.
This is an adaptation of [28] with a complete proof that strong FH-
bisimilarity is compositional.

e A theory of weak bisimulation for open automata, and a study of its
properties. It relies on the definition of weak open transitions that are
derived from transitions of the open automaton by concatenating invisible
action transitions with one (visible or not) action transition. The precise
and sound definition of the concatenation is also a major contribution of
this article.

o A resulting weak FH-bisimilarity equivalence for open pNets and a simple
static condition on synchronisation vectors inside pNets that is sufficient
to ensure that weak FH-bisimilarity is compositional.

e An illustrative example based on a transport protocol, showing the con-
struction of the weak open transitions, and the proof of weak FH-bisimulation.

What is new about open automata bisimulation?

Bisimulation over a symbolic and open model like open pNets or open au-
tomata is different from the classical notion of bisimulation because it cannot
rely on the equality over a finite set of action labels. Classical bisimulations
require to exhibit, for each transition of one system, a transition of the other
system that simulates it. Instead, bisimulation for open automata relies on the
simulation of each open transition of one automaton by a set of open transitions
of the other one, that should cover all the cases where the original transition
can be triggered. This is similar to the early and late symbolic bisimulation
equivalences for value-passing CCS [25], though we use more general definitions
in our setting.

Compositionality of bisimilarity in our model comes from the specification
of the interactions, including actions of the holes. This is quite different from
the works on contextual equivalences, e.g. [35] B6]; we will provide a detailed
comparison in Section [6] In pNets, synchronisation vectors define the possible
interactions between the pNet that fills the hole and the surrounding pNets.
In open automata, this is reflected by symbolic hypotheses that depend on the
actions of the holes. This additional specification is the price to pay to obtain
the compositionality of bisimilarity that cannot be guaranteed in traditional
process algebras.

This approach also allows us to specify a sufficient condition on transitions to
make weak bisimilarity compositional; namely it is not possible to synchronise
on invisible actions from the holes or prevent them to occur. This is loosely
related to works on the syntactic conditions on SOS rules to check whether



weak bisimulation is a congruence for some process algebra operators [23]. Our
approach is semantical and more global: our sufficient condition applies to all
the synchronisations at a given composition level of an (open) system and not
on individual rules. It is expressed on the open automaton (see Definition .

Structure

This article is organised as follows. Section [2] provides the definition of pNets
and introduces the notations used in this paper, including the definition of open
pNets. Section [3| defines open automata, i.e. automata with parameters and
transitions conditioned by the behaviour of “holes”; a strong bisimulation equiv-
alence for open automata is also presented in this section. Section [ gives the
semantics of open pNets expressed as open automata, and states composition-
ality properties of strong bisimilarity for open pNets. Section [p| defines a weak
bisimulation equivalence on open automata and derives weak bisimilarity for
pNets, together with compositionality properties of weak bisimilarity. Finally,
Section [6] discusses related works and Section [7] concludes the paper.

2. Background and Notations

This section introduces the notations we will use in this article, and recalls
the definition of pNets [28] with an informal semantics of the pNet constructs.
The only significant difference compared to our previous definitions (from [28])
is that we remove here the restriction that was stating that variables should be
local to a state of a labelled transition system.

2.1. Notations

Term algebra. Our models rely on a notion of parameterised actions, which are
symbolic expressions using data types and variables. As our model aims at
encoding the low-level behaviour of possibly very different programming lan-
guages, we do not want to impose one specific algebra for denoting actions, nor
any specific communication mechanism. So we leave the constructors of the
algebra that will be used to build expressions and actions unspecified. More-
over, we use a generic action interaction mechanism, based on (some sort of)
unification between two or more action expressions, to express various kinds of
communication or synchronisation mechanisms.

Formally, we assume the existence of a term algebra T, and denote as X the
signature of the data and action constructors. Within T, we distinguish a set
of data expressions E, including a set of boolean expressions B (B C E), and a
set of action expressions called the action algebra A, with A C T,EN A = (;
naturally action terms will use data expressions as sub—term&ﬂ The function
vars(t) identifies the set of variables in a term ¢ € T.

n our tools, we use datatypes for the different kinds of terms. In this article, we use
different sets of variables for terms of different kinds.



We let e; range over expressions (e; € E), op be operators, and z; and
y; range over variable names. We additionally rely on a set of action names,
ranged over by a, b, .... We define two kinds of parameterised actions. The
first kind supports two kinds of parameters: input parameters that are variables
and output parameters that can be any expression. The second kind makes no
distinction between input and output parameters. The actions that distinguish
input variables will be used in the definition of pLTS and are defined as follows:

a€eA == alpr,...,pn) action terms
pi = Tx|e parameters (input var or expression)
€; Value | | op(ey, .., en) Expressions

The input variables in an action term are those marked with a 2. We addi-
tionally impose that each input variable does not appear anywhere else in the
same action term: p; =%z = Vj # i.x ¢ vars(p;). We define iv(t) as the set of
input variables of a term ¢ (without the ’?’ marker). Input variables are used
in guards and to update the local state, they can only appear in well-identified
expressions. Action algebras can encode naturally usual point-to-point message
passing calculi (using a(?x1, ..., ?z,) for inputs, a(vi,..,v,) for outputs), but
they also allow for more general synchronisation mechanisms, like gate negoti-
ation in Lotos, or broadcast communications.

The set of actions that do not distinguish input variables is denoted Ag, it
will be used in synchronisation vectors of pNets:

ac€lhhs == aler,...,en)

Indezed sets. This article extensively uses indexed structures (maps) over some
countable indexed sets. The indices can typically be integers, bounded or not.
We use indexed sets in pNets because we want to consider a set of processes, and
specify separately how to synchronise them. Roughly this could also be realised
using tuples, however indexed sets are more general, can be infinite, and give a
more compact representation than using the position in a possibly long tuple.

An indexed family is denoted as follows: tiel is a family of elements t¢;
indexed over the set I. Such a family is equivalent to the mapping (i—t;)*€!, and
we will also use mapping notations to manipulate indexed sets. To specify the
set over which the structure is indexed, indexed structures are always denoted
with an exponent of the form i € I. Consequently, tiel defines first I the set
over which the family is indexed, and then ¢; the elements of the family. For
example tzE{S} is the mapping with a single entry t3 at index 3; exceptionally,
for mappings with only a few entries we use the notation (3—t3) instead. In
this article, sentences of the form “there exists tﬁel ” means there exist I and a
function that maps each element of I to a term ¢;.

When this is not ambiguous, we shall abuse notations for sets, and typically
write “indexed set over I” when formally we should speak of multisets, and
“x e AﬁEI 7 to mean i € I.x = A;. To simplify equations, an indexed set can
be denoted t instead of tfel when [ is irrelevant or clear from the context.



The disjoint union on sets is W and we only use AW B when A and B are
disjoint. We extend it to union of indexed sets provided they are indexed over
disjoint families; W is then defined by the merge of the two sets. The elements of
the union of two indexed sets are then accessed by using an index of one of the
two joined families. The subtraction operation on indexed sets is \, it reduces
the set of indices such that dom(A \ B) = dom(A) \ B.

Substitutions. This article also uses substitutions. Applying a substitution in-
side a term t is denoted t{{y; < e; }*€! and consists in replacing in parallel all the
occurrences of variables y; in the term ¢ by the terms e;. Note that a substitution
is defined by a partial function that is applied on the variables inside a term.
We let Post range over partial functions that are used as substitution and use
the notation {y; < e;}*€! to define such a partial functiorﬂ These partial func-
tions are sometimes called substitution functions in the following. Thus, {Post}
is the operation that applies, in a parallel manner, the substitution defined by
the partial function Post. ® is a composition operator on these partial func-
tions, such that for any term ¢ we have: t{Post ® Post'}} = (t{Post'}}){Post}}.
This property must also be valid when the substitution does not operate on all
variables. We thus define a composition operation as follows:

k'eK’ k’eK’}})keK

=(zy + epf{(z) e))
)k’eK”

(zp ex) K © (2, — €})
U (1'2./ (*6;6/

where K" = {k' € K'|z}, & {x}F<E}

2.2. The principles of Parameterised Networks (pNets)

pNets are tree-like structures, where the leaves are either parameterised la-
belled transition systems (pLTSs), expressing the behaviour of basic processes,
or holes, used as placeholders for unknown processes. Every node of the tree is a
pNet, it acts as a synchronising artefacts, using a set of synchronisation vectors
that express the possible synchronisation between the actions of a subset of the
sub-trees. The pNets model is hierarchical in the structure of the processes, this
contrasts with Statecharts [24] that model high-level behaviour by organising
the states (but not processes) in a hierarchy. We introduce pNets through a
simple example below, and define formally pLTSs and pNets afterwards:

Example 1 (CCS choice). Here is the encoding of a choice operator.

vaaf b: Action It consists of one pNet (Definition
L ® , <a,—l>=a below) with two holes and a sub-

\ <=br>=b pet. The pNet is represented by

the top box with three circles and

1 r C .
1 r two synchronisation vectors on the
.@ e. right. The sub-net is a pLTS that is

represented by the bottom box.

2When using this notation, we suppose, without loss of generality that each y; is different.



Each hole is represented by an empty disc, when the hole is filled it becomes a
black disc. The left hole is indexed by L and the right hole by R. The sub-net
is a LTS with three states and emitting actions [ and r. In the synchronisation
vector a and b range over arbitrary action terms , e.g. including action param-
eters; [ and r on the contrary are specific actions. The set of synchronisation
vectors is infinite but admits a simple finite representation.

The behaviour of the pNet is defined with synchronisation vectors also shown
on the figure. In the examples, we write them on the form < a, —,! >— a. This
states that if the first hole L performs the action a and the third sub-net, i.e.
the LTS, performs the action [, both of them progress synchronously, and an
action a is emitted by the pNet. The symbol — at the second position denotes
that the second hole does nothing. On the formal side, numbering and ordering
the vectors is cumbersome, this is why we adopt indexed families of actions.
The LTS is sometimes called the “control part”, it controls the evolution of the
rest of the pNet. The first action of one of the holes decides which branch of
the LTS is activated; all subsequent actions will be performed by the same side.

2.3. Parameterised Labelled Transition systems (pLTS)

A pLTS is a labelled transition system with variables; variables can be used
inside states, actions, guards, and assignments. Note that we make no assump-
tion on finiteness of the set of states nor on finite branching of the transition
relation. Compared to our previous works [28] 2] we only global variables, which
makes the model easier to use.

Definition 1 (pLTS). A pLTS is a tuple pLTS = (S, s¢, V, —)) where:
e S is a set of states.
e sy € S is the initial state.
e V is a set of global variables for the pLTS.

e —»C S x L xS is the transition relation and L is the set of labels. Labels
have the form:
(o, ey, (zj:=e;)7¢7), where a € A is a parameterised action, e, € B is
a guard, and the variables x; (that are pairwise distinct) are assigned the

a, ey, (zi=e;)’<7)

expressions ¢; € E. If s ( s' €= then vars(a)\iw(a)CV,
vars(ey) CV U vars(e), and Vj € J. (vars(e;) CV Uiv(a) Az € V).

A set of assignments between two states is performed in parallel so that their
order do not matter and they all use the values of variables before the transition
or the values received as action parameters.

2.4. Parameterised Networks (pNets)

Now we define pNet nodes as constructors for hierarchical behavioural struc-
tures. A pNet has a set of sub-pNets that can be either pNets or pLTSs, and



a set of holes, playing the role of process parameters. A pNet is thus a compo-
sition operator that can receive processes as parameters; it expresses how the
actions of the sub-processes synchronise.

Each sub-pNet exposes a set of actions, called internal actions. Synchro-
nisation vectors define the synchronisation between global actions exposed by
the pNet and internal actions of its sub-pNets: it synchronises one or several
internal actions, and exposes a single resulting global action.

We now define the structure of pNets, the following definition relies on the
definition of holes, leaves and sorts formalised below in Definition [3] Informally,
holes are process parameters, leaves provide the set of pLTSs at the leaves of
the hierarchical structure of a pNet, and sorts give the signature of a pNet, i.e.
the actions it exposes.

Definition 2 (pNets). A pNet P is a hierarchical structure where leaves are
pLTSs and holes ‘ _
P2 pLTS | (Pi€", Sort)<” SVEEX)

We denote vars(P) the set of variables used by the pLTSs inside P and Sort(P)
the signature of the actions emitted by P; both are defined below, in Definition 3]
A pNet is composed of the following:

e [ is a set of indices and Pfel is the family of sub-pNets indexed over I.
vars(P;) and vars(Pj) must be disjoint for ¢ # j.

e J is a set of indices, called holes. I and J are disjoint: INJ = (), IUJ # 0.
e Sort; C Ag is a set of action terms, denoting the sort of hole j.

o SVFK is a set of synchronisation vectors.
Vk € K.SV,, = afel’cw‘]k — ajlex) where o) € Ag, Iy C I, J, C J,
Vie Ii. o € Sort(P;), Vi € Jy. a; € Sort;, and vars(ca),) C Ulelk&uk vars(ay).
The global action of a vector SV}, is o). e, € B is a guard associated to
the vector such that vars(ex) € U,cy, v, vars(ar).

Synchronisation vectors are identified modulo renaming of variables that appear
in their action terms, e.g. the vectors < a(x),b(z) >— 7 and < a(y),b(y) >— 7
are equivalent.

The preceding definition relies on the auxiliary functions defined below:
Definition 3 (Sorts, holes, leaves, variables of pNets).

e The sort of a pNet is its signature, i.e. the set of actions in Ag it can
perform, where each action signature is an action label plus the arity of
the action.

g
a, ey, (z5=e;)7¢7)

s e—}

Sort(géS, 50, V, =) = {Sort(a)|s <

SOI‘t(Oz(ph --apn)) = (avn)



o The set of variables of a pNet P, denoted vars(P) is disjoint union the set
of variables of all pLTSs that compose P.

o The set of holes Holes(P) of a pNet is the set of indices of the holes of the
pNet itself plus the indices of all the holes of its sub-pNets. It is defined
inductively (we suppose that those index sets are disjoint):

Holes({(S, so, V,—))=0

Holes((P;<!, Sort,~’,'SV))) = J w|_J Holes(P)
iel

Vi € I. Holes(P)NJ =0

Vi1, i € I.41 # i = Holes(P;,) N Holes(P,,) =0

e The set of leaves of a pNet is the set of all pLTSs occurring in the structure,
as an indexed family of the form Leaves(P) = (P;)*€L.

Leaves(((S, so, V, =) =0
Leaves((P{<!, Sort SV)) = tl—J Leaves(P;) W {i~FP;| P; is a pLTS}
i€l

For example, the controller of Example[I|has the sort {l,r} and holes {L, R}.
Note that Holes(P) is a set of indices because holes are characterized only by
their indices, while entities at the leaves are pLTSs and thus Leaves(P) is a set
of pLTSs. A pNet @ is closed if it has no hole: Holes(Q) = 0; else it is said to
be open. Sort comes naturally with a compatibility relation that is similar to a
type-compatibility check. We simply say that two sorts are compatible if they
consist of the same actions with the same arity. In practice, it is sufficient to
check the equality of the two sets of action signatures of the two SortsEl

The informal semantics of pNets is as follows. pLTSs behave more or less
like classical automata with conditional branching and variables. The actions
on the pLTSs can send or receive values, potentially modifying the value of
variables. pNets are synchronisation entities: a pNet node composes several
sub-pNets and defines how the sub-pNets interact, where a sub-pNet is either
a pNet or a pLTS. The synchronisation between sub-pNets is defined by syn-
chronisation vectors (originally introduced in [3]) that express how an action of
a sub-pNet can be synchronised with actions of other sub-pNet, and how the
resulting synchronised action is visible from outside of the pNet. The synchro-
nisation mechanism is very expressive, including pattern-matching/unification
between the parameterized actions within the vector, and an additional predi-
cate over their variables. Consider a pNet node that assembles several pLTSs,
the synchronisation vectors specify the way that transitions of the composed
pNet are built from the transitions of the sub-nets. This can be seen as “condi-
tional transitions” of the pNet, or alternatively, as a syntax to encode structural

3A more complex compatibility relation could be defined, but this is out of the scope of
this article.

10



operational semantics (SOS rules) [42] of the system: each vector expresses not
only the actions emitted by the pNet but also what transitions of the composed
pLTSs must occur to trigger this global transition. Synchronisation vectors can
also express the exportation of an action of a sub-pNet to the next level, or to
hide an interaction and make it non-observable. Finally, a pNet can leave sub-
pNets undefined and instead declare holes with a well-defined signature. Holes
can then be filled with a sub-pNet. This is defined as follows.

Definition 4 (pNet composition). An open pNet: P= P/, Sort?e‘],ﬁ/»
can be (partially) filled by providing a pNet @ to fill one of its holes. Suppose
Jo € J and Sort(Q) C Sortj,, then:

PQl;, = (P W {jomQ}, Sort ="\ 5wy

pNets are composition entities equipped with a rich synchronisation mecha-
nism: synchronisation vectors allow the expression of synchronisation between
any number of entities and at the same time the passing of data between pro-
cesses. Their strongest feature is that the data emitted by processes can be used
inside the synchronisation vector to do addressing: it is easy to synchronise a
process indexed by n with the action a(v,n) of another process. This is very
convenient to model systems and encode futures or message routing.

pNets have been used to model distributed components using the Grid Com-
ponent Model, illustrating the expressiveness of the model [2]. These works show
that pNets are convenient to express the behaviour of a system in a composi-
tional way. Unfortunately, the semantics of pNets and the existing tools at that
point were only able to deal with a closed and completely instantiated system:
pNets could be used as composition operators in the definition of the semantics,
which was sufficient to perform finite-state model checking on a closed system,
but there was no theory for the use of pNets as operators and no tool for proving
properties on open system. Consequently, much of the formalisation efforts did
not use holes and the interplay between holes, sorts, and synchronisation vector
was not formalised. In previous works [2], only closed pNets were equipped with
a semantics, which was defined as labelled transition systems. The theory of
pNets as operators for open systems is given in the following sections. Compar-
ing formally the existing direct operational semantics and the semantics derived
from open automata in the current article would be an interesting partial proof
of soundness for our semantics. The proof could only be partial as the formal
semantics that exists only consider closed and fully instantiated pNets. Proving
an equivalence between the semantics presented in this article and the opera-
tional one shown in [2] is outside the scope of this article because we focus here
on the modelling of holes that were not considered in the previous semantics.
It is however easy to see that, in case there is no hole the structure of the open
automaton that defines the semantics here is very close to the pLTS that is used
to define the semantics, even though the formalisms are slightly different.
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2.5. Running example

To illustrate this work, we use a simple communication protocol, that pro-
vides safe transport of data between two processes, over unsafe media.

Figure [1] (left) shows the example principle, which corresponds to the hier-
archical structure of a pNet: two unspecified processes P and @ (holes) commu-
nicate messages, with a data value argument, through the two protocol entities.
Process P sends a p-send(m) message to the Sender; this communication is
denoted as in(m). At the other end, process @) receives the message from the
Receiver. The holes P and @ can also have other interactions with their envi-
ronment, represented here by actions p-a and g-b. The underlying network is
modelled by a medium entity transporting messages from the sender to the re-
ceiver, and that is able to detect transport errors and signal them to the sender.
The return ack message from Receiver to Sender is supposed to be safe. The
final transmission of the message to the recipient (the hole Q) includes the value
of the “error counter” ec.

Figure 1] (right) shows a graphical view of the pNet SimpleProtocolSpec that
specifies the system. The pNet is made of the composition of two pNets: a
SimpleSystem node, and a PerfectBuffer sub-pNet. The full system implemen-
tation should be equivalent (e.g. weakly bisimilar) to this SimpleProtocolSpec.
The pNet has a tree-like structure. The root node of the tree SimpleSystem is
the top level of the pNet structure. It acts as the parallel operator. It consists of
three nodes: two holes P and  and one sub-pNet, denoted PerfectBuffer. Nodes
of the tree are synchronised using four synchronisation vectors, that express the
possible synchronisations between the parameterised actions of a subset of the
nodes. For instance, in the vector < p-send(m),in(m), >— in(m) only P
and PerfectBuffer nodes are involved in the synchronisation. The synchronisa-
tion between these processes occurs when process P performs p-send (m) action
sending a message, and the PerfectBuffer accepts the message through an in (m)
action at the same time; the result that will be returned at upper level is the
action in(m).

Figure [2| shows the pNet model of the protocol implementation, called
SimpleProtocollmpl. When the Medium detects an error (modelled by a lo-
cal 7 action), it sends back a m-error message to the Sender. The Sender
increments its local error counter ec, and resends the message (including ec) to
the Medium, that will, eventually, transmit m, ec to the Receiver.

3. A model of process composition

The semantics of open pNets will be defined as an open automaton. An
open automaton is an automaton where each transition composes transitions of
several LTSs with action of some holes, the transition occurs if some predicates
hold, and can involve a set of state modifications. This section defines open
automata and a bisimulation theory for them. This section is an improved
version of the formalism described in [28], extending the automata with a notion
of global variable, which makes the state of the automaton more explicit. We

12



p-send(m
Sender in(m)
p-a
sdnd(m, ec) S‘/SimplﬁSystem =
<p-send(m), in(m), -> — in(m)
errqr SimpleSystem <p-a, -, -> — p-a|Vx.p-a # p-send (x)]
= <-, out(m,ec), g-recv(m,ec)> — out(m,ec)
2 @ ‘ @ <-, -, g-b> — g-b[Vx,y.q-b # g-recv(x,y)]
ack s
3 < T, > T
-, vars:
send(m, ec) Per fectBuf fer b_ec: Nat
b_msg: Data
in(?m){b_ec := 0,b_msg := m}
q-recv(m,e S
Receiver Q T
out(m, ec) {b_ec:=b_ec+1
g-b out (b_msg,b_ec)

Figure 1: pNet structure of the example and its specification expressed as a pNet called
SimpleProtocolSpec

also adopt a semantics and logical interpretation of the automata that intuitively
can be stated as follows: “if a transition belongs to an open automaton, any
refinement of this transition also belongs to the automaton”. Our open automata
are clearly inspired by the work of De Simone on SOS rule [I5] formats. A precise
comparison with related works can be found in Section [6]

3.1. Open automata

Open automata (OA) are not composition structures but they are made of
transitions that are dependent of the actions of the holes, and they can use
variables (potentially with only symbolic values).

Definition 5 (Open transitions). An open transition (OT) over a set J of
holes with sorts S’ortj-EJ, a set V of variables, and a set of states S is a structure
of the form:

5?6‘]/, Pred, Post

where J' C J is the set of holes involved in the transition; s, s’ € S are states of
the automaton; and f; is a transition of the hole j, with Sort(5;) C Sort;. a is
the resulting action of this open transition. Pred is a predicate, Post is a set of
assignments that are effective after the open transition, and are represented as
a substitution function: (zj < ep)*€X. Predicates and expressions of an open
transition can refer to the variables inside V' and the different terms 38; and «.
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SimpleSystem
@ . @ SVSimpleSystem =
<p-send(m), in(m), -> — in(m)

<p-a, -, -> — p-a|[Vx. p-a # p-send(x)]

<-, out(m,ec), g-recv(m,ec)> — out(m,ec)
<-,-,q-b> — g-b[Vx,y. g-b # g-recv(x,y)]
< Ty > T

SimpleProtocol
. . . SVSimplertocol =
<s-recv(m), -, -> — in(m)

<s-send(m,ec), m-recv(m,ec), -> — T

<-, m-send(m,ec), r-recv(m,ec)> — 7
<S-error, m-error, -> — T

<s-ack, -, r-ack> — 7

<-, -, r-send(m,ec)> — out(m,ec)

<-, T,-> —T

vars: ] vars: vars:
Sender s_ec: Nat Medium ec, m_ec: Nat Receiver ec, r_ec: Nat
m, s_msg: Data m, m_msg: Data m, r_msg: Data

s-recv(?m) m-recv(?m, ?ec)

{s_ec:=0,s_msg:=m} {m_ec := ec,m_msg := m} r-recv(?m,?ec)
@ {r_ec:=ec,r_msg :=m}
N

(r)

m-send
(m_msg,m_ec) /send
r-ack (r_msg,r_ec)

m-error @

s-send
(s_msg,s_ec)

Figure 2: The SimpleProtocollmpl pNet resulting from the composition of the SimpleSystem
and the SimpleProtocol pNets.

More precisely:

vars(Pred) C V Uwvars(a) U U vars(B;) A
jeJ
Vk.xp, €V A Vk.vars(ex) CV Uwvars(a) U Uvars(ﬁj)
jeJ’
The assignments are applied simultaneously because the variables in V' can be

in both sides (zxs are distinct). Open transitions are identified modulo logical
equivalence on their predicate.

It is important to understand the difference between the red dotted rule and
a classical inference rule. They correspond to two different logical levels. On one
side, classical (black) inference rules act at the mathematical level of the paper
proofs (as e.g. the rules in Definition . They use an expressive logic (like any
other computer science article). On the other side, open transition rules (with
dotted lines) are logical implications that belong to the open automata algebra.
Their logic has a specific syntax that can be mechanized; this logic includes the
boolean expressions B, boolean operators, and term equality.
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An open automaton is an automaton where transitions are open transitions.

Definition 6 (Open automaton). An open automaton is a structure
A= {(J,S,s0,V,T) where:

e J is a set of indices.
e S is a set of states and s is an initial state belonging to S.

e 1 is a set of variables of the automaton and each v € V may have an
initial value init(v).

e 7T is a set of open transitions and for each ¢ € T there exists J' with
J' C J, such that ¢ is an open transition over J’ and S.

While the definition and usage of the open transition can be considered
purely syntactically, we take in this article a semantic and logical understanding
of open automata. We see open transitions as logical formulas with a constrained
syntax and logics rather than purely syntactical terms. Consequently, the open
transition sets in open automata are closed by a simple form of refinement
that allows us to refine the predicate, or substitute any free variable by an
expression. Formally, for each predicate Pred for each partial function Post, if
VNdom(Post) = B, we have:

B, Pred’, Post’ - B{{Post}y, Pred'{Post} A Pred, Post® Post’
€ —

Because of the semantic interpretation of open automata, the set of open
transition of an open automaton is infinite (for example because every free
variable can be substituted by any term). This raises an issue when a finite
representation is needed, which is the case both in our tools, and when writing
examples. When needed, we can rely on a canonical representation of the open
automaton, provided that a finite subset of the open transitions is sufficient to
generate, by substitution, the other ones. Thus, we use this canonical represen-
tation in our examples. In the following, we will abusively write that we define
an “open automaton” when we provide its canonical representation.

Another aspect of the semantic interpretation is that we consider terms up
to semantic equivalence, i.e. equivalence of two predicates Pred and Pred’ can
be denoted Pred = Pred’, where the = symbol is interpreted semantically.

Though the definition is simple, the fact that transitions are complex struc-
tures relating events must not be underestimated. The first element of theory
for open automata, i.e. the definition of a strong bisimulation, is given below.

8.2. Bisimulation for open Automata

We define now a bisimulation relation tailored to open automata and their
parametric nature. This relation relates states of the open automata and guar-
antees that the related states are observationally equivalent, i.e. equivalent
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states can trigger transitions with identical action labels. Its key characteristics
are 1) the introduction of predicates in the bisimulation relation: the relation
between states may depend on the value of the variables; 2) bisimulation relates
elements of the open transitions and takes into account predicates over variables,
actions of the holes, and state modifications. We name it FH-bisimulation, as
a short cut for the “Formal Hypotheses” over the holes behaviour manipulated
in the transitions, but also as a reference to the work of De Simone [15], that
pioneered this idea. Indeed, our definition uses both hypotheses on the be-
haviour of holes, as in [I5], and symbolic manipulation of action expressions, as
in symbolic bisimulations of [25].

One of the original aspects of FH-bisimulation is due to the symbolic na-
ture of open automata. Indeed, a single state of the automaton represents a
potentially infinite number of concrete states, depending on the value of the
automaton variables, and a single open transition of the automaton may also
be instantiated with an unbounded number of values for the transition param-
eters. Consequently it would be too restrictive to impose that each transition
of one automaton is matched by exactly one transition of the bisimilar automa-
ton. Thus the definition of bisimulation requires that, for each open transition
of one automaton, there exists a matching set of open transitions covering the
original one. Indeed depending on the value of action parameters or automaton
variables, different open transitions might simulate the same one.

The parametric nature of the automata entails a second original aspect of
FH-bisimulation: the nature of the bisimulation relation itself. A classical re-
lation between states can be seen as a function mapping pairs of states to a
boolean value (true if the states are related, false if they are not). An FH-
bisimulation relation maps pairs of states to boolean expressions that use vari-
ables of the two systems. Formally, a relation over the states of two open au-
tomata (J, S, s0, V1, T1) and (J, Sa, to, Va, T2)) has the signature S; x So — B.
We suppose without loss of generality that the variables of the two open au-
tomata are disjoint. We adopt a notation similar to standard relations and
denote it R = {(s,t|Preds)}, where: 1) For any pair (s,t) € S X Sa, there
is a single (s,t|Preds ;) € R stating that s and ¢ are related if Preds; is True,
i.e. the states are related when the value of the automata variables satisfy the
predicate Preds;. 2) The free variables of Preds; belong to V3 and Vs, i.e.
vars(Pred, ;) C Vi U V3. FH-bisimulation is defined formally}

Definition 7 (Strong FH-bisimulation).

Suppose A1 = (J, S1, 80, Vi, T1) and Ay = {J, Sa, to, Va, T2) are open automata

with identical holes of the same sort, with disjoint sets of variables (Vi NVa = ).
Then R is an FH-bisimulation if and only if for all states s € S; and t € S,

(s,t|Preds,) € R, we have the following:

e For any open transition OT in 77:

4In this article, we denote Bjz a double indexed set, instead of the classical 3; . Indeed
the standard notation would be too heavy in our case.
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ﬁgeJ , PredoT, Postor

PR Predor| Predor, Predor,

there exists an indexed set of open transitions

OT=€X C Ty: c
sz , Predor, , Postor, Predg,,
t2m b,
such that Vz.J' = J, and there exists some Predsy ;, such that

(s',tz|Preds +,) € R and

Preds  \ Predor =

\/ (V4.8 = Bjz N\ Predor, N =0y A Predy 4, {Postor® Postor, )
reX

e and symmetrically any open transition from ¢ in 75 can be covered by a
set of transitions from s in 77.

Two open automata are FH-bisimilar if there exists an FH-bisimulation that
relates their initial stateﬂ We call this relation FH-bisimilarity.

Classically, Predy . {Postor W Postor, }} applies in parallel the substitution de-
fined by the partial functions Postor and Postor, (parallelism is crucial inside
each Post set but not between Postor and Postor, that are independent), ap-
plying the assignments of the involved rules. We can prove that bisimilarity is
an equivalence relation.

Note that, if there is a FH-bisimulation R such that (s,¢|Pred) € R, and
additionally Pred’ = Pred and it does not mean that there is a FH-bisimulation
R’ such that (s,t|Pred’), indeed pair of states such that Pred is true and Pred’
is false might be necessary to prove the FH-bisimulation.

Example 2. The simulation of one transition by many others is one non-
standard aspect of this definition. This is made necessary by the parameterised
nature of our model. Consider the following open transition.

B, True, {y + =}

51 ole), sh
Bisimulation should allow it to be matched by the two following ones (depending
on the value of x), to prove that the relation R = {(s1, s2, True), (s, sh, True)}
is a bisimulation.
B,z >0, {y+ z} B,x <0,y + =}

a(x a(z
@gsé 52L>5’2

5In other words, the predicate relation associated to the initial states is True.
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This example illustrates the necessity of multiple transitions in the definition of
bisimulation in a naive and minimalistic way. It can easily be extended into a
non-trivial example with more states and different usage of the variables.

Theorem 1 (FH-bisimilarity is an equivalence). FH-bisimilarity is re-
flexive, symmetric and transitive.

The proof of this theorem can be found in The only non-

trivial part of the proof is about transitivity. It relies on the following elements.
First, the transitive composition of two relations with predicate is defined; this is
not exactly standard as it requires to define the right predicate for the transitive
composition and producing a single predicate to relate any two states. Then the
fact that one open transition is simulated by a family of open transitions leads
to a doubly indexed family of simulating open transition; this needs particular
care, also because of the use of renaming (Post) when proving that the predicates
satisfy the definition (property on Preds; A Predor in the definition).

Finite versus infinite open automata, and decidability

As mentioned in page [6] we adopt here a semantic view on open automata.
More precisely, in [29], we define semantic open automata (infinite as in Def-
inition @, and structural open automata (finite) that can be generated as
the semantics of pNets (see Definition E[), and used in their implementation.
Then we define an alternative version of our bisimulation, called structural FH-
bisimulation, based on structural open automata, and prove that the semantic
and structural FH-bisimulations coincide. In the sequel, all mentions of finite
automata, and algorithms for bisimulations, implicitly refer to their structural
versions.

If we assume that everything is finite (states and transitions in the open
automata), then it is easy to prove that it is decidable whether a relation is a
FH-bisimulation, provided the logic of the predicates is decidable (a proof of
this claim can be found in [28]). Formally:

Theorem 2 (Decidability of FH-bisimulation). Let Ay and Ay be finite
open automata and R a relation over their states S1 and Sy constrained by a set
of predicates. Assume that the predicate inclusion is decidable over the action
algebra A. Then it is decidable whether the relation R is an FH-bisimulation.

4. Semantics of Open pNets

This section defines the semantics of an open pNet as a translation into
an open automaton. In this translation, the states of the open automaton are
obtained as products of the states of the pLTSs at the leaves of the composi-
tion. The predicates on the transitions result both from the predicates on the
transitions of the pLT'Ss, and from the synchronisation vectors involved in the
transition.
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The definition of bisimulation for open automata allows us to derive a bisim-
ilarity relation for open pNets. As pNets are composition structures, it then
makes sense to prove compositionality lemmas: we prove that the composition
of strongly bisimilar pNets are themselves bisimilar.

4.1. Deriving an open automaton from an open pNet

To derive an open automaton from a pNet, we first describe the set of states
of the automaton. Then we show the construction rule for transitions of the
automaton, which relies on the derivation of predicates unifying synchronisation
vectors and the actions of the pNets involved in a given synchronisation.

States of open pNets are tuples of states. We denote them as «...> for
distinguishing tuple states from other tuples.

Definition 8 (States of open pNets). A state of an open pNet is a (not
necessarily finite) tuple of the states of its leaves.

For any pNet P, let Leaves(P) = ((S;, sig, V, —:))*S¥ be the set of pLTS at
its leaves, then States(P) = {<s'*' > |Vi € L.s; € S;}. A pLTS being its own
single leave: States({S, so,V,—=)) = {asp>|s € S}.

The initial state is defined as: InitState(P) = <s;o'€Lp.

To be precise, the state of each pLTS is entirely characterized by both the state
of the automaton, and the values of its variables V.

Predicates. We define a predicate Predsy relating a synchronisation vector (of
the form (a})'€’, (5;)geJ — a[ep]), the actions of the involved sub-pNets and

the resulting actions. This predicate verifies:

Predsy( ()", (85 = o/[en]), i€, 819 0)

Viel.aj=a;AVjeJBj=8Na=d Ae

Somehow, this predicate entails a verification of satisfiability in the sense
that if the predicate Predsy is not satisfiable, then the transition associated
with the synchronisation will not occur in the considered state, or equivalently
will occur with a False precondition. If the action families do not match or if
there is no valuation of variables such that the above formula can be ensured
then the predicate is undefined.

The definition of this predicate is not constructive. In our tool [44], we
construct a logical formula encoding the matching and unification condition
involved, and we let an SMT engine (in the current implementation Z3 [33])
decide its satisfiability.

Example 3 (An open-transition). At the upper level, the SimpleSystem
pNet of Figure [2 has 2 holes and SimpleProtocol as a sub-pNet, itself containing
3 pLTSs. One of its possible open transitions (synchronizing the hole P with
the Sender within the SimpleProtocol) is:
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(a, ey, (wr=e;)T<7)

s e—
- Trl

and
Leaves((Pir<!, Sort, SVE® ) =pLTS/" ke K
SVk:(a;n)mehwlz&JJ %o/[eb]
5?6‘]"‘, Pred,,, Posty,
Vmej . Pm P PPN
' = qst€lm p Amy g (5))i€Lmy
(0, Pred,,, Post,,
\V/mGIQ.P”L ': e s s J/ = |+ Jm W.J
A > T a8l D st
Pred = /\ Pred,, \ Predsy(SVi, a2, 5§e‘j, a)
mel Wiy
Vi e L\ ( L—ﬂ L4 IQ) .8 =8 fresh(al,,, a',,BJjEJ, )
mel,

Tr2

BJJ:EJ, , Pred, L—Ij Post,,

meliWls

[0 LS —- e S
S8p, Mo, 7o > — <81, M, o>

The global states here are triples, the product of states of the 3 pLTSs

(holes have no state). The assignment performed by the open transition uses

the variable m from the action of hole P to set the value of the sender variable

named s_msg.

We build the semantics of open pNets as an open automaton over the states
given by Definition [8] The open transitions first project the global state into
states of the leaves, then apply pLTS transitions on these states, and compose
them with the sort of the holes. The semantics instantiates fresh variables using
the predicate fresh(x), additionally, for an action «, fresh(«) means all variables
in « are fresh.

Definition 9 (Semantics of open pNets). The semantics of a pNet P is an
open automaton A= (Holes(P), States(P), InitState(P), vars(P), T) where T is
the smallest set of open transitions such that 7 = {OT | P = OT} and P |= OT
is defined by the rules in Figure [3

20



e The rule Trl for a pLTS checks that the guard is verified and transforms
assignments into post-conditions.

e The rule Tr2 deals with pNet nodes: for each possible synchronisation
vector (of index k) applicable to the rule subject, the premises include one
open transition for each sub-pNet involved, one possible action for each
hole involved, and the predicate relating these with the resulting action of
the vector. The sub-pNets involved are split between two sets, I for sub-
pNets that are pLTSs (with open transitions obtained by rule Trl), and
I, for the sub-pNets that are not pLTSs (with open transitions obtained
by rule Tr2), J is the set of holes involved in the transitiorﬁ

A key to understand Tr2 is that the open transitions are expressed in terms of
the leaves and holes of the whole pNet structure, i.e. a flattened view of the
pNet. For example, L is the index set of the Leaves, L,, the index set of the
leaves of one sub-pNet indexed m, so all L,, are disjoint subsets of L. Thus the
states in the open transitions, at each level, are tuples including states of all the
leaves of the pNet, not only those involved in the chosen synchronisation vector.

Note that the construction is symbolic, and each open transition deduced
expresses a whole family of behaviours, for any possible value of the variables.

In [28], we have shown a detailed example of the construction of a complex
open transition, building a deduction tree using rules Tr1l and Tr2. We have
also shown in [28] that an open pNet with finite synchronisation sets, finitely
many leaves and holes, and each pLTS at leaves having a finite number of
states and (symbolic) transitions, induces a finite automaton. The algorithm
for building such an automaton can be found in [43].

vars:

b_ec: Nat
m, b_msg: Data

55, +(Pop-a), IVep-a £ prsend o), ( (O
1 pa 55, : {Q@~qg-b}, [Vx,y.q9-b # q-recv(x,y)], ()
q-b

S.5s {P—p-send(m) }, True, (b_ec < 0,b_msg < m)
5. - {@=q-recv(b_msg,b_ec)}, True, () ' in(m)
! out (b_msg,b_ec)

S8, {}, True, (b_ec + b_ec+1)
55 : {8-a-b}, [Vx,y.9-b # g-recv(x,y)], () @ T
q-b

SSs - {P—p-a}, [Vx.p-a # p-send (x)], ()
p-a

Figure 4: Open automaton for SimpleProtocolSpec

SFormally, if SVi, = (a/)7€M — o’[ep] is a synchronisation vector of P then J = M N
Holes(P), I = M N Leaves(P), Iy = M \ J \ Io. We could replace I; and Iz by their formal
definition in Tr2 but the rule would be more difficult to read.
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Ezxample

Figure [f] shows the open automaton computed from the SimpleProtocolSpec
pNet given in Figure[l] For later references, we name S.S; the transitions of this
(strong) specification automaton while transitions of the SimpleProtocollmpl
pNet are labelled SI;. In the figures we annotate each open automaton with
the set of its variables.

vars:
s_ec, m_ec, r_ec: Nat

{P—p-send(m) }, True, m, s_msg, m_msg, r_msg: Data
Sl : (s_msg +m,s_ec + 0)
S, {P—p-a}, [Vx. p-a # p-send(x)], () in(m QSIZ
-a Q Sh
S, : {Q-qg-b}, [Vx,y. 9-b # q-recv(x,y)], () {}, True,
a-b Sl : (s_ec < s_ec+1)

{}, True, T

2 :{}1 True, () S, - (m_msg ¢ s_msg,m_ec s1,
T T
Sh

SI
Sy - {Q—q-recv(r_msg,r_ec)}, True, ()

out (r_msg,r_ec)

{}, True,
SI- (r_msg < m_msg,r_ec ¢ m_ec)

T

Figure 5: Open automaton for SitmpleProtocollmpl

Figure [p|shows the open automaton of SimpleProtocollmpl from Figure|2] In
this drawing, we have short labels for states, representing <sg, mg, ro> by 000.
Note that open transitions are denoted SI; and tau open transition by SI.. The
resulting behaviour is quite simple: we have a main loop including receiving a
message from P and transmitting the same message to (J, with some intermedi-
ate 7 actions from the internal communications between the protocol processes.
In most of the transitions, you can observe that data is propagated between the
successive pLTS variables (holding the message, and the error counter value).
On the right of the figure, there is a loop of T actions (SI4, SI5 and SIg) showing
the handling of errors and the incrementation of the error counter.

4.2. pNet Composition Properties: composition of open transitions

The semantics of open pNets allows us to prove two crucial properties re-
lating pNet composition with pNet semantics: open transition of a composed
pNet can be decomposed into open transitions of its composing sub-pNets, and
conversely, from the open transitions of sub-pNets, an open transition of the
composed pNet can be built.

We start with a decomposition property: from one open transition of P[Q];,,
we exhibit corresponding behaviours of P and @, and determine the relation
between their predicates.
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Lemma 1 (Open transition decomposition). Consider two pNets P and
Q@ that are not pLTS, Let Leaves(Q) = péELQ and suppose:

with J NHoles(Q) # 0 or 3i € Lg.s; # s}, i.e. Q takes part in the reduction.
Then there exist ag, Pred’, Pred”, Post’, Post” s.t.:

BIECNHIAS@)U} prrg!, Pogt!

and Q ): zeLQDQQ ......... /zELQ .......

and Pred <= Pred’ N\ Pred” N ag = Bj,, Post = Post’ & Post” where Post”
is the restriction of Post over variables of Q.

Lemma [2]is combining an open transition of P with an open transition of @,
and building a corresponding transition of P[Q];, by assembling their elements.

Lemma 2 (Open transition composition). Suppose jo € J and:

BJJ:EJ, Pred, Post ﬂ;e‘]Q, Pred’, Post’

Then, we have:

B](-jeJ\{jO})w']Q,Pred/\ Pred' A ag = Bj,, Post® Post’
o] P T S— D

Note that this does not mean that any two pNets can be composed and
produce an open transition. Indeed, the predicate Pred A Pred’ A ag = fj, is
often not satisfiable, in particular if the action cg cannot be matched with ;.
Note also that 3, is only used as an intermediate term inside formulas in the
composed open transition: it does not appear as global action, and will not
appear as an action of a hole.

4.3. Bisimulation for open pNets — a composable bisimulation theory

As our symbolic operational semantics provides an open automaton, we can
apply the notion of strong (symbolic) bisimulation on automata to open pNets.

Definition 10 (FH-bisimulation for open pNets). Two pNets are FH-
bisimilar if their associated open automata are bisimilar.

7A similar lemma can be proven for a pLTS Q.
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We can now prove that pNet composition preserves FH-bisimilarity. More
precisely, one can define two preservation properties, namely 1) when one hole
of a pNet is filled by two bisimilar other (open) pNets; and 2) when the same
hole in two bisimilar pNets are filled by the same pNet, in other words, com-
posing a pNet with two bisimilar contexts. The general case will be obtained
by transitivity of the bisimilarity relation (Theorem .

Theorem 3 (Congruence). Consider an open pNet

P = <<Pii€I,Sort;€J,W>>. Let jo € J be a hole. Let Q and Q' be two FH-
bisimilar pNets such thaﬁ Sort(Q) = Sort(Q') = Sortj,. Then P[Q];, and
P(Q';, are FH-bisimilar.

Theorem 4 (Context equivalence). Consider two open pNets
P = {Piel, Sort;e‘],ﬁ/» and P’ = (P''€", SortgeJ,W» that are FH-bisimilar
(they thus have the same holes). Let jo € J be a hole, and Q be a pNet such
that Sort(Q) = Sort;,. Then P[Q];, and P'[Q];, are FH-bisimilar.

Finally, the previous theorems can be composed to state a general theorem
about composability and FH-bisimilarity.

Theorem 5 (Composability). Consider two FH-bisimilar pNets with an ar-
bitrary number of holes, when replacing, inside those two original pNets, a subset
of the holes by FH-bisimilar pNets, we obtain two FH-bisimilar pNets.

This theorem is quite powerful, as it somehow implies that the theory of open
pNets can be used to study properties of process composition. Open pNets can
indeed be applied to study process operators and process algebras, as shown
in [28] where compositional properties are extremely useful. In the case of in-
teraction protocols [12], compositionality of bisimulation can justify abstractions
used in some parts of the application.

5. Weak bisimulation

Weak symbolic bisimulation [25] was introduced to relate transition systems
that have indistinguishable behaviour, with respect to some definition of in-
ternal actions that are considered local to some subsystem, and consequently
cannot be observed, nor used for synchronisation with their context. The notion
of non-observable actions varies in different contexts, e.g. tau in CCS [40] 41],
and ¢ in Lotos [I0]. We could define classically a set of internal/non-observable
actions depending on a specific action algebra. However in this paper, to sim-
plify the notations, we will simply use 7 as the single non-observable action;
the generalisation of our results to a set of non-observable actions is trivial.
Naturally, a non-observable action cannot be synchronised with actions of other

8Note that Sort(Q) = Sort(Q’) is ensured by strong bisimilarity.

24



systems in its environment. We show here that under such assumption of non-
observability of 7 actions, see Definition we can define a weak bisimulation
relation that is compositional, in the sense of open pNet composition. In this
section we will first define a notion of weak open transition similar to open tran-
sition. In fact a weak open transition is made of several open transitions labelled
as non-observable transitions, plus potentially one observable open transition.
This allows us to define weak open automata, and a weak bisimulation relation
based on these weak open automata. Finally, we apply this weak bisimulation
to open pNets, obtain a weak bisimilarity relation for open pNets, and prove
that this relation has compositional properties.

5.1. Preliminary definitions and notations

We first specify in terms of open transition, what it means for an action to be
non-observable. We first define (in Definition systems that cannot observe
T actions of sub-systems; namely pNets that cannot change their state, or emit
an observable action when one of its holes emits a 7 action.

More precisely, we state that 7 is not observable if the automaton always
allows any 7 transition from holes, and additionally the global transition result-
ing from a 7 action of a hole is a 7 transition not changing the pNet’s state. We
define Id(V') as the identity function on the set of variables V.

Definition 11 (Non-observability of 7 actions for open automata).
An open automaton A = (J,S,s0,V,T)) cannot observe T actions if and only
if for all 5 in J and s in S we have:

1.
(j7), True, 1d(V)

and

2. for all gj, J, a, s, ', Pred, Post such that

B].EJ, Pred, Post
L S S SUUTR c T

If there exists j such that 5; = 7 then we have:

a=1As=5 APred= True A Post=1d(V) A J = {j}

The first statement of the definition states that the open automaton must allow
a hole to do a silent action at any time, and must not observe it, i.e. it cannot
change its internal state because a hole did a 7 transition. The second statement
ensures that there cannot be in the open automaton other transitions that would
be able to observe a 7 action from a hole: statement (2) states that all the open
transitions where a hole does a 7 action must be of the shape given in statement
(1). In this second statement, the condition J = {j} is a bit restrictive, it could

25



safely be replaced by Vj € J.; = 7, allowing the other holes to perform 7
transitions too (because these T actions cannot be observed). This possible
synchronisation of 7 actions would not be a problem as condition 1 still ensures
that each process can do a 7 separately.

By definition, one weak open transition contains several open transitions,
where each open transition can require an observable action from a given hole,
the same hole might have to emit several observable actions for a single weak
open transition to occur. Consequently, for a weak open transition to trigger, a
sequence of actions from a given hole may be required.

Thus, we let v range over sequences of action terms and use & as the concate-
nation operator that appends sequences of action terms: given two sequences of
action terms v @ ' concatenates the two sequences. The operation is lifted to
indexed sets of sequences: at each index 7, 77 @ 72 concatenates the sequences
of actions at index i of 77 and the one at index i of 73} [a] denotes a sequence
with a single element. These new actions are sequences of observable actions,
we thus need an operator to build them from a set of actions that occur in
open transitions, i.e. an operator that takes a set of actions performed by one
hole and produces a sequence of observable actions. Thus we define (B)v as
the mapping  with only observable actions of the holes in I, but where each
element is either empty or a list of length 1:

(BIE)Y =[B! where I' = {ili € I A B; # 7}

As an example the (3)V built from the transition OT} in Example page
is P[p-send(m)]. Remark that in our simple example no 7 transition involves
any visible action from a hole, so we have no 8 sequences of length longer than
1 in the weak automaton.

5.2. Weak open transition definition

Because of the non-observability property (Definition 7 it is possible to
add any number of 7 transitions of the holes before or after any open transition
freely. This property justifies the fact that we can abstract away from 7 transi-
tions from holes in the definition of a weak open transition. We define weak open
transitions similarly to open transitions except that holes can perform sequences
of observable actions instead of single actions (observable or not). Compared to
the definition of open transition, this small change has a significant impact as
a single weak transition is the composition of several transitions of the holes.

Definition 12 (Weak open transition (WOT)). A weak open transition
over a set J of holes with sorts Sort}-e‘] and a set of states S is a structure
of the form:

,ng_'eJ’ , Pred, Post

90ne of the two sequences is empty when i g dom(77) or i € dom(73) .
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B, Pred, Post

0, True, 1d(V) s
............. b e WT WT1 and — WT2
5= (8)Y, Pred, Post
.............. o / c WT
5=
and
71, Predy, Post s, Preds, Post
mbredPost o MLrednPosta o
S= 81 81 =82

............................... cWT 5 =71 ® Yz {Post; } © F3{Posty® Post,

o' = af{Post; } Pred = Predy A Predo{Post1 }} A\ Preds{Posta @ Posty } WT

7, Pred, Posts ® Post, ® Posty
TR c WT

3

Figure 6: Weak transition definition

Where J' C J, 5,8 € S and +; is a list of transitions of the hole j, with each
element of the list in Sort;. « is an action label denoting the resulting action
of this open transition. Pred and Post are defined similarly to Definition 5] We
use WT to range over sets of weak open transitions.

A weak open automaton ((J, S, sg, V, WT) is similar to an open automaton
except that WT is a set of weak open transitions over J and S.

A weak open transition labelled « can be seen as a sequence of open tran-
sitions that are all labelled 7 except one that is labelled «; however conditions
on predicates, effects, and states must be verified for this sequence to be fired.

We are now able to build a weak open automaton from an open automaton.
This is done in a way that resembles the process of T saturation: we add 7 open
transitions before or after another open transition, regardless of whether it is
observable or not.

Definition 13 (Building a weak open automaton).

Let A = (J,S,50,V,T) be an open automaton. The weak open automaton
derived from A is an open automaton {(J,S, so, V, WT)) where WT is derived
from 7 by saturation, applying the rules of Figure [6}

Rule WT1 states that it is always possible to perform a non-observable transi-
tion, where the state is unchanged and the holes perform no action. Rule WT2
states that each open transition is a weak open transition. Finally, Rule WT3
allows any number of 7 transitions before or after any weak open transition.
This rule carefully composes predicates, effects, and actions of the holes. In-
deed, predicate Preds manipulates variables of s; that result from the first weak
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open transition. Their values thus depend on the initial state but also on the
effect (as a substitution function Post;) of the first weak open transition. In the
same manner, Preds must be applied the substitution defined by the composi-
tion Posts ® Post;. Similarly, effects on variables must be applied to obtain the
global effect of the composed weak open transition, to observable actions of the
holes, and to the global action of the weak open transition.

{}, True, (b_ec + b_ec+1) {Q—q-recv(b_msg,b_ec) }, True, ()

T O out (b_msg,b_ec)
() (b0

{Q—=g-recv(b_msg,b_ec) {b_ec + b_ec + n}},
True, (b_ec < b_ec +n)

Yn >0
{}, True, (b_ec + b_ec+n) out (b_msg,b_ec){o_ec « b_ec +n} -
e >
W.

T

W,

Figure 7: Construction of an example of weak open transition

Example 4 (A weak open-transition). Figure [7| shows the construction of
one of the weak transitions of the open automaton of SimpleProtocolSpec. On
the top we show the subset of the original open automaton (from Figure [4)
considered here, and at the bottom the generated weak transition. For read-

ability, we abbreviate the weak open transitions encoded by - as W,.

The weak open transition shown here is the transition delivering the result of
the algorithm to hole @) by applying rules: WT1,WT2, and WT3. First rule
WT1 adds a WT; loop on each state. Rule WT2 transforms each 2 OTs into
WOTs. Then consider application of Rule WT3 on a sequence of 3 WOTs.
{},True, (b_ec < b_ec+1) {},True,(b_ec+b_ec+1) {} True,()

........................................................................................................................................... The
bl=bl ' bl=1bl bl= bl
) {}, True, (b_ec < b_ec + 2) ) ) )
result WIH be: ..................... b 1"'b1 ..................... X We can iterate thls construction an
=

arbitrary number of times, getting for any natural number n a weak open tran-

0. True, (ec < ec +n) . - _
Sition: -reereeeeeees bl”'bl ................ \v/n Z O Flnally, applylng agaln WT3’ and usmg
=

the central open transition having out (b_msg,b_ec) as «, we get the resulting
weak open transition between bl and b0 (as shown in Figure . Applying the
substitutions finally yields the weak transitions family W.S7 in Figure

Example 5 (Weak open automata). Figures|8/and |§| respectively show the
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weak automata of SimpleProtocolSpec and SimpleProtocollmpl. We encode weak
open transitions by WS on the specification model and by W1 on the imple-
mentation model.

b_ec: Nat
m, b_msg: Data

QWSQ . {@-g-b}, [Vx,y. g-b # g-recv(x,y)], ()

q-b

W-

WS, :{PHp—a}, [Vm;’_—: # p-send (x)], ()

{Q—q-recv(b_msg,b_ec + n)}, True,

(b_ec < b_ec+mn)
WS;: Vn >0
out (b_msg,b_ec +n)

{P—p-send(m) }, True,
(b_ec <~ n,b_msg < m)

WSs: Vn >0

in(m)

{}, True, (b_ec < b_ec +n)
WS, : Vn >0

T

{Q—q-b}, [Vx,y. q-b # q-recv(x,y)],
WS : (b_ec +b_ec+n)
q-b

W

{P—p-a}, [Vx.p-a # p-send (x)],

b b
WS, - (b_ec < b_ec+n) Vn >0
p-a

Figure 8: Weak Open Automaton of SimpleProtocolSpec

For readability, we only give names to the weak open transitions of
SimpleProtocollmpl in Figure [9} we detail some of these transitions below and
the full list is included in[Appendix C| Let us point out that the weak OT loops
(WI,WI; and W,.) on state 000 are also present in all other states, we did not
repeat them. Additionally, many WOTs are similar, and numbered accordingly
as 3, 3a, 3b, 3c and 8, 8a, 8b, 8c respectively: they only differ by their respective
source or target states; the "variant” WOTs appear in blue in Figure[J] note that
composed WOTs also appear in blue.

vars:
s_cc, m_cc, r_ec: Nat
m, s_msg, m_msg, r_msg: Data

Figure 9: Weak Open Automaton of SimpleProtocollmpl
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Now let us give some details about the construction of the weak automaton
of the SimpleProtocollmpl pNet, obtained by application of the weak rules as
explained above. We concentrate on weak open transitions W13 and Wi,. Let
us denote as post,, the effect (as a substitution function) of the strong open
transitions SI,, from Figure B}

posts = (s_msg < m,s_ec < 0)

posty = (m_msg < S_msSg,m_ec < s_ec)

posts = ()

postg = (s_ec « s_ec+1)

Then the effect of one single 100 OT1, 910 2% 990 2T%, 100 loop i
postyse = poste® posts ® posty = (s_ec < s_ec+ 1)

So if we denote postyse. any iteration of this loop, we get postyse. = (s_ec <
s_ec +n) for any n > 0, and the Post of the weak OT W3 is:

Posts = postysex© posts = (s_msg < m,s_ec < n),Vn > 0 and Post of Wis,
is:
postyOpostyses© posts = (m_msg < m,m_ec < n),¥n > 0.

We can now show some of the weak OTs of Figure[J] (the full table is included
in |Appendix CJ]). As we have seen above, the effect of rule WT5 when a silent
action have an effect on the variable ec will generate an infinite family of WOT5,
depending on the number of iterations through the loops. We denote these
families using a "meta-variable" n, ranging over Nat.

{P—p-a}, [Vx.p~a # p-send (x)], ()

WIl ..................................................................... (for any s c S)
s g
Pp-send(m) }, True, (s_msg < m,s_ec < n)
T o e ) i (o a5 e )
000 —= 100
True, (m_msg<—s_msg,m_ec<—s_ec+n,s_ec<—s_ec+n
V>0, Wi (n) = 1. 1706 (B msg 8 ms gm_ect-s_ectn, s ect s ec+n )
100= 210
True, (s_ec +s_ec+n
>0 W) = T (8 e 5 et )
100 = 100

The Post of the weak OT W lg, is:

Postga= post4© postyses © postg
=(m_msg+s_msg,m_ec+s_ec)O(s_ec+s_ec+n)O(s_ec+s_ec+1)
=(m_msg+ s_msg,m_ec< s_ec+ 1+n,s_ec< s_ec+ 1+n)

So we get:

{},True,(m_ec < s_ec+1+4+n,s_ec< s_ec+1+n)
YR 2 0. Wlga (1) = wrmmmeietor Tt Tttt e ot T sl
220 = 210

10when showing the result of Posts composition, we will omit the identity substitution
functions introduced by the ® definition in page E
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5.8. Composition properties: composition of weak open transitions

We now have two different semantics for open pNets: a strong semantics,
defined as an open automaton, and as a weak semantics, defined as a weak
open automaton. Like the open automaton, the weak open automaton features
valuable composition properties. We can exhibit a composition property and a
decomposition property that relate open pNet composition with their semantics,
defined as weak open automata. These are however technically more complex
than the ones for open automata because each hole performs a set of actions,
and thus a composed transition is the composition of one transition of the
top-level pNet and a sequence of transitions of the sub-pNet that fills its hole.
Composition and decomposition properties can be found as Lemma[6] Lemmal7]

and Lemma §in

5.4. Weak FH-bisimulation

For defining a bisimulation relation between weak open automata, two op-
tions are possible. One option is that we define a simulation similar to the
strong simulation but based on weak open automata, this would look like the
FH-simulation but would need to be adapted to weak open transitions. Al-
ternatively, we could define directly and classically a weak FH-simulation as a
relation between two open automata, relating the open transitions of the first
one with the transitions of the weak open automaton derived from the second
one.

The definition below specifies how a set of weak open transitions can simulate
an open transition, and under which condition; this is used to relate, by weak
FH-bisimulation, two open automata by reasoning on the weak open automata
that can be derived from the strong ones.

Definition 14 (Weak FH-bisimulation).
Let Ay = ((J, 81, 0, Vi, T1)) and Ag = ((J, S2, 10, Va2, T2)) be open automata with
disjoint sets of variables. Let ((J, S1,s0, Vi, WT1)) and ((J, Sa,t0, Vo, WT2)) be
the weak open automata derived from A; and As respectively. Let R a relation
over 81 and Sy, as in Definition [7}

Then R is a weak FH-bisimulation iff for any states s € §; and t € Sy such
that (s,t|Preds ;) € R, we have the following:

e For any open transition OT in 77:

. 7
317, Predor, Postor

there exists an indexed set of weak open transitions WOT, fEX CWTs:

€T
Yjz *, Predor,, Postor,

t=5t,
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such that Vz.{j € J'|B; # 7} = J,, (8', tz| Preds +,) € R; and

Preds ; \ Predor =

\/ (Vj € Ja. (87)Y =z A\ Predor, A=, A Predy . {Postor ® Postor, 1
zeX

e and symmetrically any open transition from ¢ in 75 can be covered by a
set of weak transitions from s in WT 1.

Two open automata are weak FH-bisimilar if there exists a weak FH-
bisimulation relation that relates their initial states. This relation is called
weak FH-bisimilarity. Two pNets are weak FH-bisimilar if their associated open
automata are weakly bisimilar.

Compared to strong bisimulation, except the use of weak open transitions
to simulate an open transition, the condition on predicate is slightly changed
concerning actions of the holes. Indeed, only the visible actions of the holes
must be compared and they form a list of actions, but of length at most one.

Our first important result is that weak FH-bisimilarity is an equivalence in
the same way as strong FH-bisimilarity.

Theorem 6 (Weak FH-bisimilarity is an equivalence).
Weak FH-bisimilarity is reflexive, symmetric and transitive.

The proof is detailed in it follows a similar pattern as the proof
that strong FH-bisimilarity is an equivalence, but technical details are different,
and in practice we rely on a variant of the definition of weak FH-bisimilarity;
this equivalent version simulates a weak open transition with a set of weak open
transition. The careful use of the best definition of weak FH-bisimilarity makes
the proof similar to the strong FH-bisimilarity case.

Proving bisimulation in practice

In practice, we are dealing with finite representations of the (infinite) open
automata. In [29], we defined a slightly modified definition of the “coverage”
proof obligation, in the case of strong FH-bisimulation. This modification is
required to manage in a finite way all possible instantiations of an OT. In the
case of weak FH-bisimulation, the proof obligation from Definition [I4] becomes:

Yfvor. {Preds,t N Predor —

\/ [Hf’UOTm . (Vj €J..(8;)Y =%ja A Predor, Na=a, A Predy ,, {Postorw Postor, }})] }

rzeX

where fvor denotes the set of free variables of all expressions in OT.
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5.5. Weak FH-bisimulation for open pNets

Before defining a weak open automaton for the semantics of open pNets, it
is necessary to state under which condition a pNet is unable to observe silent
actions of its holes. In the setting of pNets this can simply be expressed as a
condition on the synchronisation vectors. Precisely, the set of synchronisation
vectors must contain vectors that let silent actions go through the pNet, i.e.
synchronisation vectors where one hole does a 7 transition, and the global visible
action is a 7. Additionally, no other synchronisation vector must be able to react
on a silent action from a hole, i.e. if a synchronisation vector observes a 7 from
a hole it cannot synchronise it with another action nor emit an action that is
not 7. This is formalised as follows:

Definition 15 (Non-observability of silent actions for pNets).
A pNet (Pi€!, Sort;e‘],ﬁ/» cannot observe silent actions if it verifies:
Vi € IW J. (im1) — 7[True] € SV and

V((ai)iel/ — a[ep) eW),VieI’ﬁJ.aizT = o =7 AN I'={i}

With this definition, it is easy to check that the open automaton that gives
the semantics of such an open pNet cannot observe silent actions in the sense
of Definition [l

Property 1 (Non-observability of silent actions). The semantics of a
pNet, as provided in Definition[9, that cannot observe silent actions is an open
automaton that cannot observe silent actions.

Under this condition, it is safe to define the weak open automaton that
provides a weak semantics to a given pNet. This is simply obtained by applying
Definition[I3]to generate a weak open automaton from the open automaton that
is the strong semantics of the open pNet, as provided by Definition [9}

Definition 16 (Semantics of pNets as a weak open automaton). Let
A be the open automaton expressing the semantics of an open pNet P; let
(J. S, 50, V,WT)) be the weak open automaton derived from A; we call this
weak open automaton the weak semantics of the pNet P. Then, we denote
P = WOT whenever WOT € WT.

From the definition of the weak open automata of pNets, we can now study
the properties of weak bisimulation concerning open pNets.

5.6. Properties of weak bisimulation for open pNets

When silent actions cannot be observed, weak FH-bisimilarity is a congru-
ence for open pNets: if P and Q are weakly bisimilar to P’ and @’ then the
composition of P and () is weakly bisimilar to the composition of P’ and @',
where composition is the hole replacement operator: P[Q]; and P’[Q']; are
weak FH-bisimilar. This can be shown by proving the two following theorems.
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The detailed proof of these theorem can be found in The proof

strongly relies on the fact that weak FH-bisimulation is an equivalence, but also
on the composition properties for open automata.

Theorem 7 (Congruence for weak FH-bisimilarity). Consider an open
pNet P that cannot observe silent actions, of the form P = ((Piiel, Sorée'],?>.
Let jo € J be a hole. Let Q and Q' be two weak FH-bisimilar pNets such thaﬂ
Sort(Q) = Sort(Q') C Sortj,. Then P[Q);, and P[Q'];, are weak FH-bisimilar.

Theorem 8 (Context equivalence for weak FH-bisimilarity). Consider
two open pNets P = (Pj< SortgeJ,ﬁ/» and P’ = ((P’ZEI, Sort?EJ,W» that
are weak FH-bisimilar (recall they must have the same holes to be FH-bisimilar)
and that cannot observe silent actions. Let jo € J be a hole, and Q) be a pNet
such that Sort(Q) C Sort;,. Then P[Q);, and P'[Q];, are weak FH-bisimilar.

Finally, the previous theorems can be composed to state a general theorem
about composability and weak FH-bisimilarity.

Theorem 9 (Composability of weak FH-bisimilarity). Consider two
weak FH-bisimilar pNets with an arbitrary number of holes, such that the two
pNets cannot observe silent actions. When replacing, inside those two original
pNets, a subset of the holes by weak FH-bisimilar pNets, we obtain two weak
FH-bisimilar pNets.

Example 6 (CCS Choice). Consider the + operator of CCS, shown in Ex-
ample[]] The pNet does not satisfy Definition Indeed, if a or b is 7 then the
+ operator can observe the 7 transition. It is well-known that weak bisimilarity
is not a congruence in CCS, this corresponds to the fact that the 4+ operator can
observe the 7 transitions. Thus, even if we can define a weak FH-bisimilarity for
CCS with + it does not verify the necessary requirements for being a congruence.
On the other side, the parallel operator defined similarly satisfies Definition [15]
and indeed bisimilarity is a congruence for the parallel operator in CCS.

Running example

In Section [{] we have shown the full saturated weak automaton for both
SimpleProtocolSpec and SimpleProtocollmpl. We will show here how we can
check if some given relation between these two automata is a weak FH-
bisimulation.

Preliminary remarks:

e Both pNets trivially verify the “non-observability” condition: the vectors
having 7 as an action of a sub-net are of the form “< —, 7, — >— 7"

1 Note that Sort(Q) = Sort(Q’) is ensured by weak FH-bisimilarity.
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SimpleProtocolSpec | SimpleProtocollmpl Predicate
states states
b0 000 True
b0 202 True
bl 100 b_msg = s_msgAb_ec = s_ec
bl 210 b_msg = m_msg Ab_ec = m_ec
bl 220 b_msg = s_msgAb_ec = s_ec
bl 201 b_msg = r_msg/Ab_ec = r_ec

Table 1: Bisimulation for the running example.

o We must take care of variable name conflicts: in our example, the variables
of the 2 systems already have different names, but the action parameters
occurring in the transitions (m, msg, ec) are the same, that is not correct.
In the tools, this is managed by the static semantic layer; in the example,
we rename the only conflicting variables m into m1 for SimpleProtocolSpec,
and m2 for SimpleProtocollmpl.

Now consider the relation R defined by the triples in Table ]

Checking that R is a weak FH-bisimulation means checking, for each of these
triples, that each (strong) OT of one of the states corresponds to a set of WOTs
of the other, using the conditions from Definition [I4 We give here one example:
consider the second triple from the table, and transition S.S3 from state b0. Its
easy to guess that it will correspond to W13(0) of state 202 (and equivalently
state 000, see Figure |§[):

{P~p-send(ml) }, True, (b_msg + ml,b_ec < 0)

S8y o= et e T e e
b0 in(m1) bl
{P—p-send(m2) }, True, (s_msg + m2,s_ec < 0)
WI3(0) = oo it T o s o
000 =—=-100

Let us check formally the conditions:
o Their sets of active (non-silent) holes is the same: J' = .J, = {P}.
o Triple (b1,100,b_msg = s_msgAb_ec = s_ec)isin R.

e The verification condition

vaOT.{PTGd/\ Predor = \/ |:3fUOT1-
zeX

(Vj € Jo.(B;)Y =7ju A Predor, Na=ay A Predy 1, {Postor W Postor, }}) } }

gives us:

vml. {True ATrue = 3Jm2.
([p-send(m1)] = [p-send(m2)] A True A in(ml) = in(m2) A
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(b_msg=s_msg A b_ec=s_ec){(b_msg «+ ml,b_ec + 0) W (s_msg <«
m2,s_ec+0)})}

That is reduced to:
Vm1.Im2. (p-send(m1) = p-send(m2) Ain(m1) = in(m2) Am1 = m2A0 = 0)

That is a tautology.

6. Related Works

To the best of our knowledge, there are not many research works on Weak
Bisimulation Equivalences between such complicate system models (open, sym-
bolic, data-aware, with loops and assignments). We give a brief overview of other
related publications, focussing first on Open and Compositional approaches,
then on Symbolic Bisimulation for data-sensitive systems.

Open and compositional systems

In [34, B3], the authors investigate several methodologies for the compo-
sitional verification of software systems, with the aim to verify reconfigurable
component systems. To improve scalability and compositionality, the authors
decompose the verification problem that is to be resolved by a SMT (satisfi-
ability modulo theory) solver into independent sub-problems on independent
sets of variables. These works clearly highlight the interest of incremental and
compositional verification in a very general setting. In our own work on open
pNets, adding more structure to the composition model, we show how to en-
force a compositional proof system that is more versatile than independent sets
of variables as the composition is structured and allows arbitrary synchroni-
sations between sub-entities. Our theory has also been encoded into an SMT
solver and it would be interesting to investigate how the examples of evolving
systems studied by Johnson et al. could be encoded into pNet and verified by
our framework. However, the models of Johnson et al. are quite different from
ours, in particular they are much less structured, and translating them is clearly
outside the scope of this article.

In previous work [19], we also have shown how (closed) pNet models could be
used to encode and verify finite instances of reconfigurable component systems.

Methodologies for reasoning about abstract semantics of open systems can be
found in [4}, [5l [I7], authors introduce behavioural equivalences for open systems
from various symbolic approaches. Working in the setting of process calculi,
some close relations exist with the work of the authors of [4 [5], where both
approaches are based on some kinds of labelled transition systems. The distin-
guishing feature of their approach is that the transitions systems are labelled
with logical formulae that provides an abstract characterization of the struc-
ture that a hole must possess and of the actions it can perform in order to
allow a transition to fire. Logical formulae are suitable formalisms that cap-
ture the general class of components that can act as the placeholders of the
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system during its evolution. In our approach we purposely leave the algebra
of action terms undefined but the only operation we allow on action of holes is
the comparison with other actions. Defining properly the interaction between
a logical formulae in the action and the logics of the pNet composition seems
very difficult. mCRL2 [21] is another effective model for specifying and prov-
ing properties of concurrent systems. mCRL2 has an established tool-suite and
share similarities with pNets. However, pNets feature hierarchical composition
with more structure than mCRL2 that composes processes with a parallel op-
erator. Synchronisation of processes is expressed very differently; it is difficult
to precisely compare multi-actions of mCRL2 with synchronisation vectors of
pNets but synchronisation vector of pNets enforce a synchronisation based on
the structure while in mCRL2 synchronisation is specified in a versatile, flexible,
but less structured way.

In the same vein as context systems [36], pNets is a formalism for mod-
ular and possibly incomplete description of concurrent systems. The two for-
malisms are however different as the theory of contexts relies on a form of rewrite
rules, while pNets rely on parametric automata to express the system behaviour.
pNets have similar features as context systems [36] and static constructs [31].
Indeed all these approaches allow for modular and possibly incomplete descrip-
tion and structural composition of systems. The main originality of pNets com-
pared to these other compositional approaches is the parameterised nature of
the specification, which enables reasoning on value-passing systems but also on
rich synchronisations that depend on the value of parameters.

Decomposition techniques

Quotienting of process algebras [36] and decomposition techniques for
mCRL2 [37] share similarities with our approach; they propose to overcome the
state-space-explosion problem by decomposing formulas to be verified according
to the process composition. The decomposed problem must be equivalent to the
original one. However these techniques are expressed in a very different setting
from ours and it is difficult to precisely relate them to the more structural and
parameterised point of view we adopt here. We could try to apply such auto-
matic decomposition techniques to open pNets, but deriving a decomposition
for systems synchronised in a very parameterised way like we do requires further
investigations. Both parallel composition [36] and mCRL2 [37] feature a con-
crete verification setting where decomposition is useful, while open automata
provide a more general setting that could be used to represent both frameworks
and hopefully generalise process decomposition results of [36] [37].

Logical and semantics approaches

Among the approaches for modelling open systems, one can cite [7] that
uses transition conditions depending on an external environment, and introduce
bisimulation relations based on this approach. The approach of [7] is highly
based on logics and their bisimulation theory is richer than ours in this aspect,
while our theory is highly structural and focuses on relation between structure
and equivalence. Also, we see composition as a structural operation putting
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systems together, and do not focus on the modelling of an unknown outside
world. Overall we believe that the two approaches are complementary but
comparing precisely the two different bisimulation theories is not trivial.
There is also a clear relation with the seminal works on rule formats for
Structured Operational Semantics, e.g. De Simone format, GSOS, and condi-
tional rules with or without negative premises [I5] 9] 23 45]. The Open pNets
model provides a way to define operators similar to these rules formats, but
with quite different aim and approach. A formal comparison would be inter-
esting, though not trivial. What we can say easily is that: the pNet format
syntactically encompasses De Simone, GSOS, and conditional premises rules.
Then our compositionality result is more powerful than their classical results,
but this is not a surprise, as we rely on a (sufficient) syntactic hypothesis on a
particular system, rather than the general rules defining an operator. Last, we
intentionally do not accept negative premises, that would be more to put into
practice in our implementation. This extension could be studied in future work.

Symbolic and data-sensitive systems

As mentioned in the Introduction, we were substantially inspired by the
works of Lin et al. [32] 125 38]. They developed the theory of symbolic transition
graphs (STG), and the associated symbolic (early and late, strong and weak)
bisimulations. Moreover, they studied STGs with assignments as a model for
message-passing processes. Our work extends those contributions in several
ways: first our models are compositional, and our bisimulations come with
effective conditions for being preserved by pNet composition (i.e. congruent),
even for the weak version. This result is more general than the bisimulation
congruences for value-passing CCS in [32]. Then our settings for management
of data types are much less restrictive, thanks to our use of satisfiability engines,
while Lin’s algorithms were limited to data-independent systems.

In a similar way, [I] presents a notion of "data-aware” bisimulations on data
graphs, in which computation of such bisimulations is studied based on XPath
logical language extended with tests for data equality.

Research related to the keyword "Symbolic Bisimulation" refer to two very
different domains, namely BDD-like techniques for modelling and computing
finite-state bisimulations, that are not related to our topic; and symbolic se-
mantics for data-dependant or high-order systems, that are very close in spirit
to our approach. In this last area, we can mention Calder’s work [I4], that
defines a symbolic semantic for full Lotos, with a symbolic bisimulation over it;
Borgstrom et al., Liu et al, Delaune et al. and Buscemi et al. providing sym-
bolic semantics and equivalence for different variants of pi calculus respectively
[111, [16] 39} 13]; and more recently Feng et al. provide a symbolic bisimulation
for quantum processes [18]. All the above works are based on models definitely
different from ours, and none of them allows system to be as much parameterised
as open pNets; this additional expressiveness is due to the open and symbolic
nature of our constructs.
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7. Conclusion and discussion

pNets (Parameterised Networks of Automata) is a formalism adapted to
the representation of the behaviour of parallel or distributed systems. One
strength of pNets is their parameterised nature, making them suitable for to
the representation of systems of arbitrary size, and making the modelling of
parameterised systems possible. Parameters are also crucial to reason about
interaction protocols that can address one entity inside an indexed set of pro-
cesses. pNets have been successfully used to represent behavioural specification
of parallel and distributed components and verify their correctness |2} [27]. VCE
is the specification and verification platform that uses pNets as an intermediate
representation. In this platform we have developed tool support for computing
the symbolic semantics in term of open automata; this is presented in [43] [44],
together with a case-study based on the on-board control software of satellites.
In [8] we present how to encode reactive systems from the BIP specification
language and check their temporal properties using VCE. In [29, [30] we de-
scribe our strong bisimulation algorithms, with illustration on the equivalence
of different encodings of operators.

Open pNets are pNets with holes; they are adapted to represent processes
parameterised by the behaviour of other processes, like composition operators
or interaction protocols that synchronise the actions of processes that can be
provided afterwards. Open pNets are hierarchical composition of automata with
holes and parameters. We defined here a semantics for open pNets and a com-
plete bisimulation theory for them. The semantics of open pNets relies on the
definition of open automata that are automata with holes and parameters, but
no hierarchy. Open automata are a flattened view of the pNet; their behaviour
is expressed as open transitions that allow for a more semantic interpretation
of process parameters (holes) than pNets. In the end, open automata are la-
belled transition systems with parameters and holes, a notion that is useful to
define semantics, but makes less sense for the high level modelling of a system,
compared to pNets. Open automata is the formalism that makes it possible to
define FH-bisimilarity.

This article defines a strong and a weak bisimulation relation that
are adapted to parameterised systems and hierarchical composition. FH-
bisimulation handles pNet parameters in the sense that two states might be
or not in relation depending on the value of parameters. Strong FH-bisimilarity
is compositional in the sense that it is maintained when composing processes.
We also identified a simple and realistic condition on the semantics of non-
observable actions that allows weak FH-bisimilarity to be also compositional.
Overall we believe that this article paved the way for a solid theoretical foun-
dation for compositional verification of parallel and distributed systems.

The pNets formalism supports the refinement checking at the automaton
level through a simulation, with symbolic evaluation of guards and transitions.
The definition of simulation on open automata should be stronger than a clas-
sical simulation since it matches a transition with a family of transitions. Such
a relation should be able to check the refinement by taking into account state
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duplication, transition removal, guard strengthening, variable modification. Ad-
ditionally, composition of pNets gives the possibility to either add new holes to
a system or fill holes. A useful simulation relation should thus support the com-
parison of automata that do not have the same number of holes. Designing such
a simulation relation is a non-trivial extension that we leave for future work.

We are currently looking at further properties of FH-bisimulation, but also
the relations with existing equivalences on both closed and open systems. In
particular, our model being significantly different from those considered in [32],
it would be interesting to compare our “FH” family of bisimulations with the
hierarchy of symbolic bisimulations from those authors. We also plan to apply
open pNets to the study of complex composition operators in a symbolic way,
for example in the area of parallel skeletons, or distributed algorithms.

Recently we published preliminary work on methods for checking weak FH-
bisimulation [46]. The challenges here, in the context of our symbolic systems,
are not so much algorithmic complexity, as was the case with classical weak
bisimulation on finite models, but decidability and termination. The naive
approach, using an explicit construction of the weak transition, may in itself
introduce non-termination, so we prefer a direct implementation of the weak
bisimulation definition, without constructing the weak automata beforehand,
but searching on demand to construct the required weak transitions. We illus-
trate this approach on a simple error-correcting transport protocol case-study.
Beside, we explore in [47] more pragmatic approaches using weak bisimulation
preserving (pattern-based) reduction rules.
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Appendix A. Proof on FH-bisimulation

Appendiz A.1. Bisimilarity is an equivalence: Proof of Theorem ]

Suppose R is an FH-bisimilarity. Then R is an equivalence, that is, R is re-
flexive, symmetric and transitive.

PROOF. It is trivial to check reflexivity and symmetry. Here we focus on the
transitivity. To prove transitivity of strong FH-bisimilarity on pNets it is suffi-
cient to prove transitivity of the strong FH-bisimilarity on states. Consider
3 open automata Ti, T2, T3 and states s, t, u in those automataE Sup-
pose we have R an FH-bisimulation relation between states of 77 and of 7s;
members of R are of the form (s,t|Preds;). Suppose we also have R’ an FH-
bisimulation relation between states of 75 and of 73; members of R’ are of the
form (t, u|Predy ).
Let R” be the relation:

R" = {(s, u|Preds ) ‘ Predy ,, = \/ Pred, ¢ A\ Predy .}

(s,t|Preds ;) € R
(t,u|Pred;,,) € R

This relation is the adaptation of the transitivity to the conditional relation-
ship that defines a bisimulation. Indeed the global disjunction together with the
conjunction of predicates plays exactly the role of the intermediate element in a
transitivity rule: “there exists an intermediate state” corresponds to the global
disjunction, and the conjunction of states expresses the intermediate predicate
is used to ensure satisfiability of the predicate relating the first state to the last
one.

The relation is built as follows: for each pair of states s, u, for each state
t such that R relates s and ¢, and R’ relates ¢t and u, we take the conjunction
of the two predicates. The predicates for different values of ¢ are collected by a
disjunction.

We will show that R” is an FH-bisimulation. Consider (s, u|Preds,) € R".
Then there is a set of states of 75 relating s and u, let (¢,)PS? be this family.

We have Pred,,, = \/ Preds ;, \ Pred,, .
pEP

For any p € P by definition of R”, (s,,|Pred; ;) € R, and (t,,u|Pred;, ,) €
R’. We have the following by definition of bisimulation: For any open transition
OT in T; originating from s.

B € Predor, Postor

12%We omit the constraints stating that each sz, ty, ug is in the states of 71, 72, 73 for the
sake of readability.
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There exists an indexed set of open transitions OT;fX C Ta:

JE€JIpz
Bipa' s Predor,,, Postor,,
...................... P R —— (%)
bp = tpa

such that Vz, J; = Jpg, (8, tps| Predy,) € R; and

Pred, , \ Predor

= \/ (Vj.ﬂj = Bjpa N\ Predor,, N o=y, A Predy, {Postor W Postor,, }})
zeX

For any open transition OT,, since (t,,u|Pred), ,) € R’ there exists an

indexed set of open transitions OTgny CTs:

]e -Ipzy
Bipay "> Predot,,, , Poslor,,, (%)

such that Vy, Jpe = Jpay, (tpz, Upzy| Predp,) € R'; and

/!
Pred;, , N\ Predor,, =

\/ (Vj.ﬁjm = Bjpay NPredor,, , Notpe = QpayNPredy, {Postor,, WPostor,, , }})
yey

This is verified for each p € P.
Overall, we have a family of open transitions OTFEF*€XvEY C Ty that should
simulate OT.

First, we have Vy,Vz,Vp,Ji = Jpo = Jpay, (8, Upxy|Pred’,,) € R" for

pry
! /
some Pred;,,, . Indeed for any p, z, and y, t,, relates s’ and up.y, we have

(8", tpe| Predy,) € R and (tpg, Upey|Predyzy) € R'. More precisely, t,, € (t;,)pep'
where (t;)pep, and P’ C P is the set of states relating s’ and uy,,, (the states
used in the open transition must belong to the set of states ensuring the transi-
tive relation). Additionally, for all p, x, y, Predy, A Predyy, == Pred,,,, (this
is one element of the disjunction defining the predicate Pred;ry relating s’ and
Upgy in the definition of R).

One can notice that, as bisimulation predicates are used to relate states that
belong to two different open automata, the free variables of these predicates
that do not belong to the two related automata can safely be renamed to avoid
any name clash. In practice, we can suppose that Pred ;my does not contain the
variables of 73 because it is used to relate states of 7; and 73 . Indeed if Pred ;zy
uses variables of 75, we can consider instead another predicate that is equivalent
to Pred! ., and does not contain the variables of T3 (this is safe according to

pry
the semantic interpretation of open automata and relations). Similarly, we can

46



suppose that Pred,, contains no variable in 73, and Pred,, contains no variable
in 77.

Second, by definition of bisimulation we need (recall that Preds, is the
original predicate relating s and u by definition of the transitive closure):
Preds . N\ Predor =
\/ \/ \/ (Vj.ﬁj = Bipey A Predor,,, N a=apey A Pred,,,{Postor & Postor,,, }})

ze€X yeY peP

From (*) and (**) we have:

for all p, Preds , A Predor A Pred, .

= \/ (Vj.ﬁj = Bjpz N Predor,, N a=apz N Predy.{{Postor & Postor,, }}) A Predp
zeX

E \/ (Vj.ﬁj = Bjpaz A (Predor,, N Predp ) AN o= cope A Predy. {Postor W Postor,, }})
zeX

— \/ (VJBJ = ijz N \/ (vj/'ﬂj'px = ,Bj’p:cy AN PTedOpry A Osz:Oépzy

zeX yeyYy

A Predpey{{Postor,, W Postor,,, }}) N a=apz N Predy.{Postor W Postor,, }})

= \/ \/ (Vj’jllﬁj = Bipa N lepi = /Bj’sz A (PredOTmy N Q= Qpz = Qpay

rzeX yeYy
A Predpq {Postor,, W Postor,,, } N Predy,. {Postor & Postor,, }}))

By construction, four substitution functions { }} only have an effect on
the variables of the open automaton they belong to, they also produce terms
containing only variables of the open automaton they belong to. Finally,
because of the domain of the substitution functions of the predicates, we have:
Predy, {Postor W Postor,, }} N Predy.,{Postor,, ¥ Postor,,, }} <
Pred,, {Postor W Postor,, ¥ Postor,,, )} N Predy.,{Postor & Postor,, &
POStOT,,W }}
= Predy,,, {Postor & Postor,, W Postor,,, } <
Pred;,,, {Postor W Postor,,, }}

This allows us to conclude, with Preds , =\/
Preds ., N\ Predor

E \/ (Preds,, N\ Predp.. N\ Predor)

peP

= \/ \/ \/ (vj’j/ﬂj = Bjpa N Bjrpe = Bjrpay N Predor,,,

peEP xzeX yeY

pep Predsp N Predy,

A = pz = Qpay A Pred ), {Postor W Postor,,, }})

= \/ \/ \/ (Vjﬂjzﬁjmy/\PredOszy/\a:apzyAPred;w{{PostOTErJPostOszy }})
zeX yeY peP
Concerning the other direction of bisimulation, it is sufficient to notice that
the role of s and u in the definition of R” is symmetrical, and thus the proof is
similar. O
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Appendixz A.2. Composition Lemmas

The proofs of the composition theorems for FH-bisimilarity rely on two main
lemmas, dealing respectively with the decomposition of a composed behaviour
between the context and the internal pNet, and with their recomposition.

Lemma [1]: Open transition decomposition

Consider two pNets P and @ that are not pLTS Let Leaves(Q) = péELQ;
suppose:

with J NHoles(Q) # 0 or 3i € Lg.s; # s, i.e. Q takes part in the reduction.
Then, there exist ag, Pred’, Pred”, Post’, Post” s.t.:
Bie(J\HOIeS(Q))U{jO} P,r,ed/ POSt/

J
P ': i€L\Lg oY S/iGL\LQ
i i

and Pred <= Pred’ A Pred” A ag = f;,, Post = Post’ & Post” where Post”
is the restriction of Post over variables vars(Q).

Preliminary note: The introduction of fresh variables introduce alpha-
conversion at many points of the proof; we only give major arguments concerning
alpha-conversion to make the proof readable; in general, fresh variables appear
in each transition inside terms 3;, v, and Pred.

ProoF. Consider rule Tr2 in Definition EI, applied to the pNet P[Q];,-

Leaves((P<’, Sort, SVi* ) =pLTS. " keK SVi = ()™ 0[]

@;EJm, Pred,,, Posty, @, Pred,,, Post,,
Vm€I1.Pm ': RGN RREI sesesensnes VmEIQ.Pm ': ___________________________________
astShm o Sy g (sh) €k A b 2 qsh >
J' = Jmws  Pred= \ Predpn A Predso(SVi, a2, 317, a)
mel mel; Wiy

Vi € L\ ( H—J LW 12> st =s; fresh(a,, o', B;, )

mely

/Bjjejl7 Pred, L—ij Postp,
meliWly

<<P$€I7%, SV'ZEK» ): ........... .................

I3 A similar lemma can be proven for a pLTS Q.
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We know each premise is True for P[Q];,. jo € I because @ is not a pLTS.
We try to prove the equivalent premise for P.

First, K and the synchronisation vector SV are unchanged (however jg
passes from the set of sub-pNets to the set of holes). We have Leaves(P[Q];,) =
Leaves(P) W Leaves(Q).

Now focus on the OTs of the sub-pNets. For each m € I; W I, we have one
of the two following OT:
either m in I3 .

B3 €Jm Pred,,, Posty,

or, m in I

Only elements of (I W13)\{jo} are useful to assert the premise for reduction
of P; the last one ensures the open transition for the pNet @ (note that @ is
at place jo, and by definition of the open transition for P[Q];,, Lj, = Lo, and
Jj, = J NHoles(Q)):

ﬂj:EJnHOIQS(Q), P’I“edjg, Post”

This already ensures the second part of the conclusion of the lemma, i.e. the
OT for Q if we choose avg = a;, and Pred” = Pred;,. Considering the OT of P
we have another J' that is Jj, = J"\ Holes(Q) & {jo}; we denote I = I; \ {jo}

the predicate is Pred’ = /\ Pred,, N\ Predsy(SV, aﬁglwz,ﬁje‘]u{jo}, a)
mel Wi,
where

Wl j j
Predgy(SVi, am= ¢ Q,Bje‘]u{m},a) =

Vie [ Wl =o; AVjeJU{jo}.Bj=ajha=a" Ne

Modulo renaming of fresh variables, this is identical to the predicate that
occurs in the source open transition except «aj, = a}o has been replaced by
Bj, = o} . As aj, = ag and §j, is free, we have §;, = o A Bj, = aqg =
aj, = «j . Thus, Pred <= (Pred’ A Pred"”) A\ ag = Bj,. Finally, Post into
conditions of the context P and the pNet @ (they are built similarly as they
only deal with leaves): Post = Post’ W Post”. This concludes the proof as we
checked all the premises of the open transition for both P and . We obtain

the following reduction by the rule Tr2:

49



Leaves( (P \Y0} Sort, SVESEW) = pLTS " keK SVie = (o) ™12 0[]

»356‘]’", Pred,,, Post,, 0, Pred,,, Post,
VYmel; \ {jo}va ': I T IS PO BRI Yméels. Py, ': ...................................
] G A D 5 Q50>
J= ) JawJ
meli\{jo}
Pred' = /\ Predy, A Predsy(SVi, aqm&ei2\ o} Bje‘]u{j‘)}, )
melwla\{jo}

Vi € L\ H—J LoWl | .s,=s; fresh(al,, o', B, c)

meIi\{jo}

BjjEJ\Holes(Q)&J{jo}’PT‘ed/7 HJ Post,,
mel\{jo}el2

1:)52“51\{]‘0}7%7 SYREK SRS
« k >> ': SZGL\LQ > i> 4q (S;)iEL\LQD

In general, the actions that can be emitted by @ is a subset of the possible
actions of the holes, and the predicate involving vg and the synchronisation
vector is more restrictive than the one involving only the variable 3;,. This has
no impact on the previous proof and this restriction results from the composition
of predicates.

Lemma Open transition composition

Consider two pNets P and () where P is not a pLTS. Suppose jo € J and:

ﬁ;ej, Pred, Post
Pl T and QE

Then, we have:

P[Q]j, | e qszeLwLngqsmeLwLQD ..........................
i i

Note that this does not mean that any two pNets can be composed and
produce an open transition. Indeed, the predicate Pred A Pred’ A ag = f3;, will
not be satisfiable if the action of ag cannot be matched with 3;,. Note also
that f3;, is now only used as an intermediate term inside formulas: it does not
appear neither as global action nor as an action of a hole.
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PROOF. Let P = (P! Sort, SViSKY). Consider first the open transition

derived from P. Consider each premise of the open transition (constructed by

Tr2 rule in Definition E[)

Leaves((Pn€’, Sort, SViSK W) =pLTSE" ke K SVi=(al,)""¥"2%7 5 o/[ey)
B; €Tm  Pred,,, Postm 0, Pred,,, Post,,

Qs >~ Qs>

J = HInwJ Pred = /\ Predy, A Predsy(SVi, amehwz,ﬁge‘l, a)

mely melWlg

Vi € L\ ( U +H LW 12> .8 =5 fresh(an,, o', Bi, @)

mely

ﬁje‘] Pred, U Postp,
melwis

<<P$617%’ SV’,ng» ): ........... s R

We know each premise is True for P and try to prove the equivalent premise
for P[Q];, (using the open transition of Q). P[Q)];, exhibits a similar Tr2 rule
where K and the synchronisation vector are unchanged (jo is now in the set
of sub-pNets); SVi = ()71} — o/[e]. Leaves(P[Q];,) = Leaves(P)
Leaves(Q). I and J are the set of leaves and holes of P, I & I and J' are the
sets of moving leaves and holes in the reduction of P. All sub-pNets of must be
reduced, we need:

,BJGJ’" Pred,,,, Post,,
vmell U {JO} P ': ..... zeLmDm;q()zéLMD

the sub-pNet at position jo is the one filled by @) (we define P;, = () and similarly
Jm = Jg, Pred,, = Pred’, Post,, = Post’,...are the elements of the OT of Q)
which offers an open transition by hypothesis, the other open transitions are
immediate consequence of the open transition that can be performed by P
(premises of Tr2). The set of moving leaves is the union of the moving leaves
in the open transition for P and the ones for @; similarly the moving holes are
the union of the moving holes, minus jg: J;JQ = J\ {jo} w Jg. The predicate
for the open transition is:
Pred” = /\ Predy, A Pred’ A Pred(SVy, v:s1*¥%2 w (jo»—)UQ)7B§EJ,a).

mel Wiy
By definition we have:
Pred(SVk, el y (jOHaQ),ﬁgeJ,U) eVielo=aAVjeJBj=aNa=
' Nag = aj, A ey, this is equivalent to Vi € I.c; = a; AVj € J.Bj = a; N =
o' Nag = B, A\ Bj, = aj, Aep and by definition of Pred (as obtained by applying
Tr2 rule), Pred” <= Pred A\ Pred’ A ag = f3j,. The post-condition gathers
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the post-conditions related to all the leaves: L—lj Post,, = Postw Post’.

mEIlU{jo}&JIQ
Finally, the composed open transition can be built by Tr2 rule as follows:

Leaves((Por <1910} Sort, SVEEKY) = pLTS " keK SVi = ()Y 0/ [ey)]

Bﬁ €Im  Pred,,, Postn, 0, Pred,,, Post,,
Vmel U {jo}.Pm = o PR PP VMEL. Py [ e e
Qs = Q4 (sy) T ASm D> — A Syl

Jpq = J\ {jo} ¥ Jg
Pred” = /\ Predm A Pred’ A Pred(SVi, v:€"™*"2 @ (jovo), 5§€J, )

melwis

Vi € L\ W Lawk|.si=s  fresh(aj,,a',85,0)

meliU{jo}

ﬂjje‘”’@, Pred"” , Posts Post’
<<P$617%7 SV’ZGK» o s
<s;

This provides the desired conclusion. O
Note that we also have the following lemma (trivial):

Lemma 3 (Open transition composition — inactive).
This lemma is the simple case where the pNet filling the hole is not involved in
the transition. Suppose jo ¢ J and Lo = Leaves(Q):

B;GJ, Pred, Post

Then, for any state QSZGLQD of Q, we have:

ﬁ;eJ, Pred, Post
(0] PR — T e i

The proof is trivial.

Appendiz A.3. Proof of Theorem [J

Congruence: Consider an open pNet: P = ((f’fel,Sort;EJ,ﬁ/}>. Let jo €
J be a hole. Let Q and Q' be two FH-bisimilar pNets such that Sort(Q) =
Sort(Q") C SorthE. Then P[Q);, and P[Q'];, are FH-bisimilar.

14 Note that Sort(Q) = Sort(Q’) is ensured by strong bisimilarity.
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PROOF. The proof of Theorem [3] exhibits classically a bisimulation relation for
a composed system. It considers then an open transition of P[Q];, that should
be simulated. It then uses Lemmato decompose the open transition of P[Q];,
and obtain an open transition of P and (); the FH-bisimulation property can be
applied to @ to obtain an equivalent family of open transitions of Q’; this family
is then recomposed by Lemma [2| to build a set of open transitions of P[Q’];,
that will simulate the original one.

Let Leaves(Q) = piS%, Leaves(Q') = p'ﬁey, Leaves(P) = p,"?. Consider
() FH-bisimilar to @’. It means that there is a relation R that is an FH-
bisimulation between the open automata of the two pNets. We will consider the
relation R’ = {(s,t|Preds ;)|s = s'Ws"" At = t'Ws”" As" € SpA(s',t'|Preds 1) € R}
where Sp is the set of states of the open automaton of P. We will prove
that R’ is an open FH-bisimulation. Consider a pair of FH-bisimilar states:
(asi€lr¥ly, €Ly §'€LP | Pred, ;) € R'. Consider an open transition OT of

P[Q]jo'

K3
Let J' = J \ Holes(Q) U {jo}. By Lemma [1] we have:
ﬁge‘]/, Pred’, Post’

and Predor <= Pred’ A Pred” A ag = Bj,, Postor = Post’ W Post” (Post”
is the restriction of Post over wvars(Q)). As @ is FH-bisimilar to Q' and
(asi€ln, ati€L > | Pred, ;) € R there is a family OT), of open transitions of the

automaton of Q' such that

j€ JNHoles
J © eq(Q), Predor,, Postor,

and Vz, (as€F>, <t’€Y b | Pred,,) € R; and
Preds y A\ Pred"” —>

\/ (Vj € J N Holes(Q).3; = Bju A Predor, A ag=ay A Predy . {Post” & Postor, }})
zeX
We can now apply Lemma |2 on each of the OT, together with the transition

of P and obtain a new family OT,, of open transitions (where for i € Lp, t; = s;
and t,, = s}, and for j € Holes(P), Bz = B;):

jeJ ! /
pioy. L Die o Pred” A Predor, 1 aq = Bz, Post’ & Postor,
(@15 = tiEL'LﬂLQ Qg tiEL’LﬂLQ
<t > — <t >

Observe that we used the fact that J = (J \ Holes(Q) U {jo}) \ {jo} U
(J N Holes(Q)). Now we have to verify the conditions for the FH-bisimulation
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between OT and OT,. Va, (as';/S"7 9", <t§fLPwL,l>|Preds’m) € R’ (by definition
of R’) and in three steps we get:
Preds + A Predor = Preds+ N\ Pred "A Pred” A agQ = By,
:>\/ (Vj € JNHoles(Q).3; = Bjz A Predor, N ag=cu A Preds ,{Post’’ W Postor, }}) A
reX
Pred’ A ag = Bj,
=>\/ (Vj € JNHoles(Q).8; = Bju A Pred’ A Predor, A ag=caz A ag=PBjpx A
zeX
Preds {Post” ¢ Postor, }})
Note that, 8, can be transformed into §;,, because of the implication hy-
pothesis. The obtained formula reaches the goal except for two points:

o We need Vj € J instead of Vj € J N Holes(Q) but adding prerequisite on
more variables does not change the validity of the formula (those variables
are not used).

o Concerning the last term, we need Preds, {Postor W (Post’ & Postor,)}},
i.e. Preds {(Post’ W Post”) W (Post’ & Postor,)}}. We can conclude by
observing that Preds, does not use any variable of P and thus the sub-
stitution {Post’} has no effect on it.

Finally:
Preds .+ A Predor —>
\/ (Vj € J.Bj = Bja N (Pred' A Predor, N\ ag :ﬁjw) Aag =y APreds  {{Post” @ Postor, }})

zeX
This proves the condition of the FH-simulation, the other direction is similar.

0

Appendiz A.4. Proof of Theorem [J) Context equivalence
Consider two FH-bisimilar open pNets: P = (P{<!, Sortg:e‘],ﬂf» and P’ =
<<P’§EI, Sort}EJ,W’» (recall they must have the same holes to be bisimilar). Let

jo € J be a hole, and Q be a pNet such that Sort(Q)) C Sort;,. Then P[Q];,
and P'[Q);, are FH-bisimilar.

PROOF. The proof of Theorem [4 exhibits a bisimulation relation for a composed
system. It then uses Lemma |l to decompose the open transition of P[Q];, and
obtain an open transition of P on which the FH-bisimulation property can be
applied to obtain an equivalent family of open transitions of P’; this family is
then recomposed by Lemma [2[to build a set of open transitions of P’[Q)];, that
will simulate the original one.

Let Leaves(Q) = pi="?, Leaves(P) = pl€, Leaves(P’) = p’ﬁeL/. Consider
P FH-bisimilar to P’. It means that there is a relation R that is an FH-
bisimulation between the open automata of the two pNets. We will consider the
relation R’ = {(s, t|Preds ;)|s = s'Ws" Nt =t'Ws" ANs € SoA\(s',t'|Preds +) € R}
where Sg is the set of states of the open automaton of ). We will prove
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a is an open FH-bisimulation. Consider a pair of FH-bisimilar states:
that R’ i FH-bisimulati Consid ir of FH-bisimilar stat
(astSF¥hap qgi€L 1 5119 5 | Pred) € R/. Consider an open transition OT of

P[Ql5,-

and Predor <= Pred’ A\ Pred” A ag = Bj,, Postor = Post’ & Post” (Post”
is the restriction of Post over wvars(Q)). As P is FH-bisimilar to P’ and
(asi€lp, at’€L > | Pred, ;) € R there is a family OT), of open transitions of the
automaton of P’ such that

and Vi, (asi€F>, €L > | Pred,,) € R; and

Preds ; A\ Pred’ —> \/ (Vj € J'.B; = Bju NPredor, A=, A Preds . {Post’ © Postor, }})
reX
We can now apply Lemma |2 on each of the OT, together with the transition

of @ and obtain a new family OT,, of open transitions (where for i € Ly, t; = s;
and t;; = s}, and for j € Holes(Q), bjz = b;):
BJGJ Predor, A Pred” A ag = Bjyz, Postor, © Post”

/
P'Q)] io O qtzeLuLQD_><ltzeLuLQ[> .........................
i

Observe that J = (J \ Holes(Q) U {jo}) \ {jo} U (J N Holes(Q)). Now we
have to verify the conditions for the FH-bisimulation between OT and OT.
Ve, (as’ lELULQD qti;EL/LﬂLQ > |Preds ;) € R’ (by definition of R') and in four
steps we get:
Preds + A Predor = Preds,: A Pred’ A Pred” A ag = Bj,

= \/ (Vje]'ﬂj:,sz/\PredOTw/\on:ﬁjo ANa=ayz A Preds ,{Post’ &

rzeX

Postor, }}) A Pred”)

= \/(Vj €J' .Bj=Pjz A (PredOTm APred" A ag :ﬁj0x> Noa=az A
rzeX
Preds . {Post’ & Postor, }})

The obtained formula reaches the goal except for two points:

o We need Vj € J instead of Vj € J' with J' = J\Holes(Q) U {jo} but the
formula under the quantifier does not depend on b;, now (thanks to the
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substitution). Concerning Holes(Q), adding prerequisite on more variables
does not change the validity of the formula (those variables are not used).

o We need Preds ,{Postor W (Postor, W Post”)}, i.e., Preds {(Post’ @
Post") W (Postor, W Post”)}}. We can conclude by observing that Pred, ,
does not use any variable of () and thus the substitution involving Post”
has no effect.

This proves the condition of the FH-simulation, the other direction is similar.
O

Appendix B. Weak FH-bisimilarity lemmas and proofs
We define a quantified composition operator for effects, i.e. Post elements
1

of the open transitions. We use @ Post; to denote Post, ® ... ® Posty. By

i=n
1

convention @ Post; is the identity.
i=0

Appendixz B.1. Weak FH-bisimilarity is an equivalence

In this section, we first define two alternative definitions, one for weak open
transition, one for weak bisimulation. We use these two alternative definitions
to show that weak bisimulation is an equivalence, we will also re-use these
alternative definitions in the proofs of the theorems in next sections.

Lemma 4 (Alternative definition of weak open transitions). Let A =
{J, S, s0, V1, T) be an open automaton and {J,S, so, Vo, WT) be the weak open
automaton derived from A. The two following statements are equivalent

1. Bither « =7 N5 =0 A Pred = True \ Post =1d(s) A s = s'; or
there exist [B1;, Bo2i, and Bs3;, Predy;, Preds;, Posti;, and Predy, Posts,
n>0,m>0 stE

B1i, Predy;, Posty; Ba, Predsy, Post
vie (L) L et ot o By e, Doshy
S1i =7 S1(i+1) S9 — 8y

Bs;, Preds;, Posts;
vi € [1.m) 2 Ereda, Dostar
83; =7 S3(i+1)

159 = 0 (resp. m = 0) corresponds to the case where there is no 7 transition before (resp.

after) the transition a.
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2. there exist 7y, Pred, Post s.t.

7, Pred, Post

where

o = a{{@ Posty; }

/ /
5= 511 A Sl(n+1) = 52 A\ sy = 831 A\ 53(m+1) =3

@ T O Posti ) ﬁz{{@ Post; )7

j'Ll

531{{ @ Posts; @POStQ@@ Posty; })Y

i= j=i—1 j=n

Pred = /\ Predy; { @ Posty;}} N\ Preds {{@ Posty; }} A

]11 ]n

( /\ Preds; { @ P05t3]®P05t2®® Posty }})

Jj=i—1

Post = @ Posts; ®Post2®® Posty;

Jj=m Jj=n

PROOF. (=) We present an induction on n and m, focusing on the incremen-
tation on n: we prove that the property is valid for m = 0, n = 0 apply a first
induction proof for going from n to n+ 1, a similar induction can be applied to
go from m to m + 1 (omitted).

e The base case there is one transition, so n = 0 and m = 0, we have:

B, Pred, Post

by rule WT2 we can directly conclude the implication:

B, Pred, Post (B)Y, Pred, Post
eT

e For the inductive step, first we have by induction hypothesis that the
formula holds for some lengths m and n. Induction step is to infer that
formula holds for transitions of length n + 1. We consider the case n’ =
n+ 1. We want to prove (1) = (2) in the lemma, and in (1) we focus on
the case where there is a set of open transitions (this is the case: s # §).
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In other words, we consider the sequence of (n 4+ m + 2) open transitions:

Bs, Predy;, Posty; Bs, Preds, Post
(vietn+ ) P Predu, Post o, Bzl B Lok e

VZ c [1m} TSI 6 T)
$3¢ =7 S$3(i+1)

By recurrence hypothesis we suppose that (1) = (2) holds for n and
m (compared to the line above, we remove the first 7 transition). We have:

Bi;, Predy;, Post; , Predy, Post:
(i€ pon+ y), P Predus, Post - Ba, Pre 2 lot e
S1i =7 S1(i+1) S2 =7 89
i, Preds;, Posts; 5, Pred, Post
vi € (1, D30 Predss, Posts )= L e wr
S3i — S3(i41) s =4
where
s" =512 A S1(n+2) = S2 A\ Sy = 831 A S$3(m+1) = s’
2
o =af @ Posty; }
j=n+1
nkl 2 2
=P B ) Posts; )Y @ (Bl () Postr; )Y
i=2 j*ifl j7n+1
@ Baifl @ P05t3j®P05t2®© Posty; })Y
=1 j=t1—1
n+1
Pred = /\ Predy; { @ Posty; } N Preds {{ @ Posty; A
j=1—1 Jj=n+1
(/\ Preds; { @ Posts; © Posty ® @ Postlj}})
Jj=i—1 j=n+1
1 2
Post = @ Post3;© Posty © Q Posty;
Jj=m j=n+1

We need to prove that by adding the following open transition the impli-
cation remains true:

E, P’f'@dll, POStll
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First by using rule WT2 we have:

Bi1, Predi1, Postiy (B11)Y, Pred, 1, Posty;
................. e c ’7' SRR c WT
S11 7 S12 S11 = S12

On the other hand, by rule WT1 we have the following weak open tran-
sition:

Finally by applying rule WT3 on the above weak open transitions:

B11)Y, Predy, Post
(B11) 11 1 cw

Rt e e} T
S$11 = S12
7, Pred, Post 0, True,1d(s")
.............. S = /T/ c WT
PN s'=s

7" = (B1)Y @ F{Post, } Pred" = Predyy A Pred{{Post1 }
Post” =1d(s")® Post® Posty; o = o' {Posty1 }}

— - - WT3
", Pred”, Post

where we obtain the conclusion of the lemma, as required with the follow-
ing assertions (derived from previous assertions):

I !
511 = 811 N\ S1(n+2) = 52 N\ Sy = 831 A Sg(m+1) =

" =afl () Post}Postii} = aff () Postij}

j=n+1 j=n+1
n+1 1
v =P /511{{@ Post;; })Y @ (B2 () Posti;})Ve
i=1 j=i—1 j=n+1
m 1 1
@(@{{ @ Post; @POStg@@ Posty; })Y
i=1 j*z'fl j=n
n+1
Pred = /\ Predy; § @ Posty; |} A Predy{{ @ Posti; A
j=t1—1 j=n+1
(/\ Preds; { @ Posts; @ Posty © @ Postlj}}>
j=t—1 j=n+1

Post = @ Post3;© Posty ©® @ Posty;

j=m j=n+1
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The right part of the disjunction, i.e.
(a =7A7=0A Pred= True A\ Post=1d(s) A s = s’)

is handled trivially by rule WT1.

(<) We proceed by structural induction on the rules building the weak transi-
tion (as described in the original definition). The recurrence hypothesis being
that the original definition implies the characterization (1), with the conditions
stated at the bottom of the theorem. We consider the different rules:

e Case rule WT1. We have:
0, True,Id(s)

We can directly conclude by the right part of the disjunction the following:

0, True,1d(s)
"""""""""""""""" eEWT = (a = 7AY = DA Pred= TrueA Post = Id(s)/\s:s’)

e Case rule WT2. We have:

7, Pred, Post 5, Pred, Post
WT

where 7 = (B)V.

These two cases above prove the implication with n =0 and m = 0.
e Case rule WT3. We have:

1, Predy, Post;

.............. 7'/ c WT
s=s
72, Preds, Posty 73, Preds, Posts
......... S /%S” c WT s//:‘f'>s/// c WT

Pred = Predy N Predy{Posty }} A\ Preds{Posta® Post; }}
¥ =71 ® Vo {Posty |} & 3{Posta®Posty |} o' = af{Posty }}
~, Pred, Posts ® Posts ® Post;

1. By induction hypothesis this means each tau weak open transition
can be written as a series of ny tau open transitions such n; = n+m+
1, hence by simplification we have (strictly speaking, by induction we
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might also have the case « = 7 A5 = () A ... but in this case, rule

WT1 allows us to obtain a similar reduction with ny = 1):
Bri, Predy;, Posty;
S

1, Predy, Posty )
EWT = Vi€ [l.nq]. =
$15 =7 S1(i+1)

s=s
where
ni 1
s=Ss11 NS4 =5, T = @(ﬁli{{ @ Posty;}})¥
i=1 j=i—1

Pred; = A(Predli{{ @ Post;;}}), Post; = Q{{Postli}}

j=i—1

i=1
Similarly, a series of m; open transitions such that m; =n+m+1

2.
can be simplified as follows:
73, Preds, Post. Bss, Preds;, Posts;
L D0t i e (rmy, R D0
s =s $3¢ =7 S3(i+1)
where
s =531 A S3mit)= 5" A
ma _ 1
V3= @(ﬁm{{ @ Posts; }})Y A
i=1 j=i—1
ma 1 1
Preds = /\(Predgi{{ @ Posts; }}) A Postz = @ {Posts; }}
j=i—1 i=my

=1

Concerning the middle reduction, by induction hypothesis there ex-

3.
ists a set of open transitions in 7 such that:
@, Predgi, POStgl' c ’T A

7z, Preds, Posty
eWwT = (vz' € [1..ng]. =
§2i =7 S2(i+1)

67’1-, Preds;, Posty,
2 2 ty c T)

B, Pred’, Post’
€ T AVi € [Lumg] s
S2i 77 Sa(i+1)
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where

’ o r ’ o
5 = 821 N Sa(ny41) = 52 A\ 8 = 891 A Sp(pppq1) = S

1
o’ :o/{{@ Posty; B
Jj=n2

no 1

T =B @A Post; )Y & (FHQ Post ¥ e

ma2

1 1
@(@{{ @ Posty;® Post'© @ Posty; 1)V

i=1 j=i—1 j=ns

no 1 1
Predy = /\ Predy; { @ Postaj B} A Pred’{{@ Posty; BN

i=1 j=i—1 j=na

mo 1 1
(/\ Pred?, { Q Post5;© Post'® @ Postgj}})
i=1

Jj=i—1 Jj=nz

1 1
Posty = @ Post;© Post’® Q Posty;

Jj=ma2 j=nz

Therefore, we can deduce that we have:

%, Pred, Post ) Buai, Predy;, Posty;
.......... a/ c WT = VZ c [1(n1+n2)]77_11 e T/\
S= S S44 —>84(i+1)
B, Pred’, Post’ Bsi, Preds;, Posts;
..... ’a”’ ETAVie [1(m1+m2)]lT“Z c 7')
Sg — 84 S5i = S5(i41)
such that
S14 if ¢ S 1 534 if 7 S miq
S4i = e S5i =194 , o
S9i—n, ifi>mng 89, 1f1>my

and similarly for Predy;, Preds;, Posty;, and Posts;.

62



Also, we have the following assertions:

/ /
§=5841 N S4(ni+na+1) = S2 N S9g =851 A S5(my+ma+1) =S

o =af @ Posty; }

Jj=ni+n2
ni+ns 1 1
=P Bu{ ) Posty; )Y & (BY () Posts;})V e
i=1 Jj=i—1 j=ni+n2
mi+mso 1 1
@ (%{{@ Postt;® Post’® Q Posty; )V
=1 Jj=i—1 Jj=ni+ne2
ni+nz 1 1
Pred = /\ Predy; { Q Posty; } A Pred’{ @ Posty; A
i=1 j=i—1 j=n1+na
mi+mo 1 1
/\ Preds; { @ Posts;® Post’® @ Posty; }
i=1 j=i—1 j=n1+na

1 1
Post = @ Posts;® Post’ ® @ Posty;

Jj=mi+ma Jj=ni+nz

This concludes the inductive step, showing that the decomposition ex-
pressed by the < direction of the lemma is always possible with the right
side conditions. (]

Lemma 5 (Alternative definition of weak bisimulation). The definition
of weak bisimulation given in Definition [14] is equivalent to the following one:

Let Ay = (J, 81,80, V1, T1) and Ay = {J,Sa,to, Vo, T2) be open automata;
{J, 81,80, Vi, WT1) and {J,Sa,to, Vo, WT2)) be the weak open automaton de-
rived from Ay and As respectively. For any states s € 81 and t € Sy such that
(s,t|Predst) € R, we have:

o For any open transition WOT in WT1:

. ’
’yj €7 Predor, Postor

there exists an indexed set of weak open transitions WOT;GX CWTy:

=
ng *, Predor,, Postor,

such that Ya, J' = Ju, (s',t,|Preds ) € R; and
Preds + \ Predor =

\/ (Vj € Jpvj ="z NPredor, N a=ay,APredy z4PostoryPostor, I})
xeX
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o and symmetrically any open transition from WOT in WT o can be covered
by a set of weak transitions from s in WT1.

PRrROOF. Note that Definition is a particular case of the definition above,
thus we only need to prove one direction of the equivalence between the two

definitions, namely:
(=) We prove that Definition [14| implies the definition above. In other words,
suppose that Pred, ; € R and suppose that the following statement holds:

Moreover, by using Lemma [4 we know that:

jeJ’ jEJ]
~1=" Predor, Postor ) B1: ", Predy;, Posti;
e e EWT, = (Vie [1_. } Plag ol T e TN

&/
s5=5 311—>31(1+1)
eJ}
B; 2 Predsy, Posty
a, ................. c ’7'1/\
S20 — S21

534 % 83(i+1)

where

/
5= 811 A S1(n+1) = 520 A 821 = 831 \ S3(m+1) = S

o :o/{{Q Posty; }

i€ @ Buf @ Post1; })¥ 52{{@ Post1;})Y

]11 j=n

@ Bai{l @ Posts; ®P05t2®® Posty; )V

_]11

Predor = /\ Predy; { @ Posty;}} A Preds {{@ Posty; A

i=1 j=i—1

( /\ Preds; § @ Posts; ®P05t2®© Posty; }})

i=1 ]11

1
Postor = Q POStngPOStQQQ POStlj

j=m j=n
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For the sake of simplicity, we prove the rule in the restricted case where n
and m are equal to 1, hence a single tau open transition will be considered on
each side of the potentially visible one. The proof may be easily generalized to
the multiple tau open transitions by using the same reasoning and WT3 rule.
Consider each open transition separately:

1. For the first open transition in 7;:

j€Jy
B{j 1. Predy, Post;

by hypothesis we have (s,t|Preds ) € R and s = s11. Thus, by Definition
[[4] we can deduce there exists an indexed set of weak open transitions

WOT 4 C WTy:

JjEJ.
Yia > Predor,, Postor,

such that Va, J, = {j € J{|B1j # 7}, (512, ua| Preds,, o) € R and

Preds N\ Predy =

\/ (Vj IS Ja.(ﬁlj)v =7jaNPredor, Noig =7 A Preds,, o{Post, & Postor, }})
a€A

Note that, because EN A = () (actions and expressions are disjoint) and
a1, =T we have directly (a3, cannot be a variable, and cannot contain
expressions/variables because 7 has no parameter):

e
Yo, Predor,, Postor,

2. Concerning the middle open transition in 7;:

jJEJ,
sz 2. Predsy, Posts

we have (s11,uq|Preds,, o) € R and s11 = sgo0. Again by Definition
we can deduce there exists an indexed set of weak open transitions
WOT)® € WTs:

e
Y}y **s Predor,, Postor,

such that Vb, J, = {j € J5|B2; # T}, (521, 0| Preds,, ») € R;
Preds,, o N\ Predy =

\/ (Vj € Jb.(B2;)Y =7jv A Predor, A o = aop A Preds,, y{Posts & Postor, })
beB
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3. Similarly to the case 1, we consider the third open transition in 7;:

JEJS
B3; "%, Preds, Posts

From previous case, we have (S21, vp| Preds,, ») € R, and we have s21 = s31.

Then, by Definition [14]there exists an indexed set of weak open transitions
WOTEC C WT,:

e
Ve %, Predor,, Postor,

such that Ve, J. = {j € J5|83; # 7}, (531, we|Preds,, ) € R and

Preds,, » \ Preds —

\/ (Vj € Jc.(ﬁg,j)v =~jcAPredor, A Preds,, {{Posts W Postor, }})
ceC

Based on cases described above by applying WT3 rule on the resulting WOTs
we have:

€T JEJ, €.
Yja s Predor,, Postor, ¥y ", Predor,, Postor, ¥je ¢, Predor,, Postor,

Y =e 7 @4l " fPostor, } ® vi¢ " {Postor, © Postor, }
Pred = Predor, A Predor, {Postor, } N\ Predor.{Postor, ® Postor, }}
Post = Postor, ® Postor, ® Postor, " = as{Postor, }}

7, Pred, Post

It remains to be proven that the following statement holds:
Preds ;\Pred — \/ (Vje JA; =~ A Pred N a=a" A Predy ,{Postor & Post 1

reX

We have:

Predor = Pred; A\ Preda{Posty | A Preds{Posta® Post; }

Postor = Post3® Posty ® Posty

Moreover, we have the following statement:

Preds y\NPred;, = \/ (Vj € Ja.(ﬁlj)v = 7vja N\ Predor, A Preds,, o{Posti & Postor, }})

a€A
With the conjunction of the predicate Predy{Post;}} on both sides of the im-
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plication, we get:

Preds ¢ A\ Predy) A Predo{Post; } —

\/ (¥ € Ju.(813) =vja A Predor,A
a€EA

Preds,, o{Posty & Postor, } A Predy{Post, & Postor, }})

Note that on the right side of the implication we added the substitution of
Postor, without affecting the validity of the statement, because the domain
of the substitution function Postor, is disjoint from the others. Hence a little
rewriting gives:

Preds ¢ A\ Predy) A\ Predy{Post; } =

\/ (Vj € Jau(B1;)Y =7ja A Predor, A (Preds,, o A Preds){Post; & Postor, })
a€A

By replacing the inner predicate (Preds,, ., N Preds) by the conclusion of
the statement given in case 2, the formula becomes:

Preds ¢ A\ Predy) A Preda{Post; } —

\/(Vj € Ja.(ﬁlj)vzvja/\PredOTa/\( \/ (Vj € Jp.(Baj)Y =7jpAPredory\a’ = agp/
a€A beB

Preds,, y{{Posty W Postor, } ) {Post; W Postor, }}))

This can be rewritten into:

Preds ¢ A\ Predy) A Preds{Post, } —

\/ \/ (Vj S Ja.(ﬁlj)v:’yja/\Vj € Jb.(ﬂgj)v:’yjb{{POStlL‘HPOStOTa}}/\PT‘@dOTa/\
a€EAbeEB

Predor, {Post; & Postor, } A (o’ =aay){Posty W Postor, }A
Preds,, y{{Posto® Post; W Postor, © Postor, }})

Since Post; does not act on 7y, nor on Predor, and as. As well Postor, does
not act on o/, nor on f; the formula can be simplified as follows:

Preds ¢ A\ Predy) A Predo{Post; } —

V'V (w € Ja-(817)Y =7jaAVj € Jy.(B2;)Y {Postr } = v fPostor, } APredor, A
acAbeB

Predor, {Postor, } N o' {Post1 }} = agpf{Postor, }A
Preds,, »{Post; ® Post, & Postor, ® Postor, }})
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Finally, the conjunction with the term Preds{Posts ® Post; }} of the both sides
of the implication and rewriting, we get:

Preds A\ Predy) A Predo{{Posti } A Preds{Post, @ Post; f —
VV (Vj € Jo.(B)Y =7ja\Vj € Ju.(B2;)Y {Posts } =;u{Postor, } A Predor, A
a€AbeEB
Predor, {Postor, } N o'{Post1 }} = asp{Postor, }} A (Preds,, », N Preds)

{Posty @ Post; W Postor, ® Postor, }})

Again note that because of the domain of the substitution function is indepen-
dent from some predicates and expressions, we removed Post; and we added the
term Postor, © Postor, in the substitution of the right side of the implication.
Finally, by replacing the predicate (Preds,, » A Preds) by the conclusion of the
implication given in case 3, we get:

Preds y N\ Predy A Predo{{Post } A\ Preds{Post,® Post, } =
P'I"ﬁd()T

VVV (VJ € Ja-(815)Y =7ja NV € Jyp.(Bai{Postor, })Y = {{Postor, }1
a€AbeB ceC
Vj e J..(Bsf{Posta ©® Post }})v =, {Postor, ® Postor, } A
Predor, N PT’edOTb {{POStOTa }} A PT’edOTC {{POStOTb ®Postor, }} A

Pred
o' {Posty }} = agp{Postor, }}
A Preds,, 7c{ﬂ305t3 ©® Post; ® Posty W Postor, ® Postor, ® Postor, }})
Postor Post

The three for all statements (on J,, J, and J..) can be concatenated using @, the
list union lifted to indexed sets (if v =" and 4" =" then y®~y" =" ®+").

Vi € Jo W Jy W Jo.(B1;)Y @ (Baj{Postor, })Y @ (B3 {Posta® Posty })V =
Yia®Vjp{Postor, } @ {Postor,@Postor, }}

We have s3; = ¢/, so can rewrite the formula:

Preds; N Predor —> \/ \/ \/ (Vj € Jv, = % ANPred Na =
a€AbeB ceC

" A Predy {Postor © Post }})

All the combinations of elements in A, B, and C provide a set X of weak

open transitions (each combination of one transition in A, one in B, and one in
C' provides one weak open transition in the set X, i.e. each z € X corresponds
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to a triple (a,b,¢) € A x B x (); this defines a set of weak open transitions

indexed over X; each such open transition leads to a w. that we call ¢t,. This

re-indexing allows us to conclude:

Preds s \ Predor — \/ (Vj € Jj = A Pred N o = o A Predy . {Postor
reX

Post }})

Theorem [6] Weak FH-bisimilarity is an equivalence. Suppose R is a weak
FH-bisimulation. Then R is an equivalence, that is, R is reflexive, symmetric
and transitive.

With the above lemma, we can use the same technique as for Theorem [I] to
prove that a weak FH-bisimilarity is an equivalence. Indeed, we essentially use
the same proof-scheme the main difference concerns 8 and ~. Indeed, while the
schema of the proof of transitivity was not directly applicable on the definition
of weak bisimulation, Lemma 5] provides a characterization of weak bisimulation
similar to the definition of strong bisimulation, and thus the same proof scheme
is directly applicable.

Appendiz B.2. Composition properties
This section gives decomposition/composition lemmas and their proofs,

these are the equivalent of the composition lemmas for open transitions, but
applied to weak open automata.

Lemma 6 (Weak open transition decomposition). Let Leaves(Q) =
pLTSlleLQ; suppos:

with J N Holes(Q) # 0 or 3i € Lg.s; # s, i.e. Q takes part in the
reduction. Then there exist n, Pred’, Post’, and for all p € [1..n] there ex-
JfJ” and for all p € [L.n+1] 'S

ist Bp, ap, Predy, Post, and a family Y pi - S-b

16Note that the hypotheses of the lemma imply that Q is not a pLTS but a similar lemma
can be proven for a pLTS Q.
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j€(Jp\Holes(Q))U{jo} Pred’. Post'
J ’ ’
P B S

1=
’y;j ?, Pred,, Post,

icLg | op €Ly
s, T = S, )P
n ) n ) 1
such that U Jp = JNHoles(Q), ’y?eJﬂHOles(Q) = @(’yﬁf‘]‘”){{ @ Post; },
p=1 p=1 i=p—1

n 1 1
Pred < Pred’ /\/\ (apf @ Post; } = By A Pred,{{ @ Post; }),

i=p—1 i=p—1

1
Post = Post’ W @ Post,, and Yi € Lq. 541y = 5; A s1i = Si
p=n
where for any p, Post, only acts upon variables vars(Q).

PRrROOF. Suppose that we have:

P [Q] jo ): qsge L D%Q S; leL

By Lemma [4] this implies the following:

Bip, Predy, Posty,, B2, Preds, Posts
Vpe [1..m1} P[Q]jo |: P A e ) P[Q]jo ): PP N
s l>: S <GTE > — T
Bap, Predsy, Posts,

and Vp € [L.my] P[Q]j, = -2yt e

where

70



Vi€ L.s; =su N Stmit+1)t = U A t; = U1l N U(mo+1)1 = 82

a=a'{ @ Post1; }

j=mq

mi 1
7€ = @(511'{{ @ Posti; })¥ &

i=1 j=i—1

1 ma 1 1
BE () Posti; )Y @ @ Bsif (-) Posts;© Postz () Post; )Y
j=my i=1 j=i—1 j=m1

mi 1 1
Pred = /\ Predy:{ @ Post1; } A\ Preds {{@Postlj A

i=1 j=i—1 j=m1

mo 1 1

/\ Preds; { @ Posts; © Post; ©® @ Posty; B

i=1 j=i—1 j=m1

1 1
Post = ®P03t3]-®Post2® @Postlj
j=m2 j=m1
We can apply Lemma [T]on each OT:
- . - =
1. For each open transition OT), in the form (51, = B{pj Py
JjE€J1p

7* ., Predyy,, Postiy,

P[Ql;, = 1IZJL ....... P o
L 5y <15(§+1)l|>

If @Q moves then we obtain by Lemma
(51pj)JE(JIP\HOI%(Q))U{JO}, Pred'lp, Po:;t'lzJ
leL\L T
asps M T q (spra) €N O

(Blpj)jeleﬁHoles((,z)7 P’I“edlllp, POStlllp

such that
Pred,, <= Pred'lp A Pred'l’p A ap=P1pj,, Posti,=Post ’1p W Pos ’1’p where
Post?,, is the restriction of Post;;, over vars(Q).

Else Q does not move and we have:
(,Blpj)JE(le\HOIeS(Q))g Pred'lp, POStllp

Asp) SN T a(sppay) <

2. Similarly, we have similar open transitions on states u, (for the final 7
transitions).

3. Finally, for the open transition in the form (8y = ﬁ%f‘b):
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nge‘]z, Preds, Posty
P[Ql;, E leLQDa’ .........................

If Q moves then we obtain by Lemma
(52],)J'E(J2\HO183(Q))U{jo}7 Pred’, Post

P ........... q tie L\LQ ........ a ........ t ; leL\LQD ........... and
Q ): (/B ')jermHOIES(Q>,P?"edg,POStIQI
R Ty P G
at, " s 2L g S

such that Predy, <= Pred’ A\ Pred A\ asg = [a;,, Posty = Posth W Post
where Post} is the restriction of Posty over variables vars(Q).

Else @ does not move and we have:
(52~)J€(J2\HOICS(Q))U{]°},Predlz,Posté

J leL _ lel
P ': BT TP PP PPN SO and 4 tl Q[> — q(t;) Qp
fENEQ o () '€\ e
mi m2
By using Lemma |4 and denoting J = U JuUJyU U J3;, we can conclude
i=1 i=1

from cases (1), (2) and (3) that we have:

(7)€ \HOIeS(@)ULi0} Pred’, Post

1
where o = o/{ O Posty; }

Jj=ma

On the other hand, we have:

o = a'{ ) Posti D Post ;} = a"{ (D Post? }

Jj=ma Jj=m1 Jj=m1

1
As { @ Posty;}} has no effect on variables of P and thus on variables of o, so
Jj=mi
we have o = o',

Vie L.s; =s1 N\ S(tmi+1)t = A t; = U1l N U(mo+1)1 = 82

mi

(,y;)jE<J\HOICS(Q))U{J'O} :®(E{{®Post/u}})v ® (E{{@ Postﬁj}})v@

i=1 j=i—1 j=mq

m2

1 1
@(@{{@ Postéj ®Posth® CDPost'lj}})V

i=1 j=i—1 j=mq
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mi

Pred’ = /\ Pred’; { @ Post; } A Predz{{QPostlj}}/\

= j=i—1 j=mq

/\ Preds; { Q Post’s;® Posty® @Post 1B

Jj=i—1 j=m1
1 1
Post’ = @PostéjQPosté(D @Post’lj

j=ma2 Jj=m1

Note that for all j € J\ Holes(Q), v; = ; because for all [ Post}; coincides
with Posty; on the variables of (1,5, and similarly for Post) and Post},
We introduce the following predicate (we will need it for reasoning about
the global predicate and will reason about it along the proof):
1

Predg = /\ (Bipjo = a1p){ @ Posty; } A (B2, = a21){{®Post1j}}/\
p=1 j=p—1 j=ma
mao 1 1
/\ (B3pjo = a3p){{ @ Posts;© Posty © @Postlj}}
p=1 j=p—1 j=ma

Concerning @, we reduce the sequence of OTs to a path for which it moves in

all steps. In other words, if @) does not move at step ¢, then we have <lsf]l€LQl> =

leLq

s then we skip the state ast i.e. we rename all the following

(q+101” l (q+l1)lL
states <15pl > where p > ¢ + 1 into <s(§_f)l>. Note that self-loops where

does an action but stays at the same state are not removed. We proceed in the
same way for states named u. To simplify the proof, we suppose that in case 3,
@ moves, else transition 3 of @ should be skipped and the last s,; are equal to
the first u1;. So we have:

(ﬁipj)jGJﬂHoles(Q)’ P’l"edlllp, Postlllp

Vpe [1”1] Q ': o‘lplELQ .............. ,
< >

Q ': ZGLQD ................. llELQD ........ and

Vp c [1“,”2] Q ): .............. leLQaap .......... ZELQ ..............
w,, O > QUL T

such that n; < mjp and ngy < ma.
By renaming all state names (s, u and t) with the same state name v. We

have: ol
B;Ue‘m oles(Q) Pred" Post”

Vp c [ (n1+n2_~_1)} Q '_ ......................................................

lELQ lELQ

ol P e, VTP
In this equation, and using case 1 above for all k € [1...n4] thereisap € [1..m4]
such that a1, = aj, (following the re-indexing done in the removal of steps where

@ does not move), we know that Pred;, contains the predicate (a1, = Bipj,)-
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Figure B.10: Composition of the subsequences

Because f1pj, only contains variables of P and «j, only variables of @), we have:

(a1p = Bipi) L O Posti}} = apf{ (O Post;} = Bupio { () Post’;}

j=p—1 j=p—1 j=p—1
1 1
= aif O Post} = Brpjo{ () Post’;}
j=k—1 j=p—1

We can obtain similar equations for aj, ., related with S8, and the o) for
k > ny + 2 related with f33,;, for some p. Note that the substitutions are
however more complex in the other cases. Overall we obtain (we skip here the
details about the three cases 1, 2, and 3 above that all fall into the same equation
because of the re-indexing we perform):

Predg <= ~j, = ([o/p{{Q Post’/}Ip € [1.ny + na + 1))V (B.1)

Let us consider the sequence of (n; +n2+1) actions a;, some of them may be
non-observable (they are 7 transitions). By considering the sequence of 7 and
non-7 actions we split the sequence of actions into n + 1 sub-sequences, such
that each sub-sequence is a sequence of actions containing only one observable
action that will be named «,,, and possibly many non-observable (7) ones.

We can decompose each of the n + 1 sub-sequences in the following way
(see Figure . For k € [0..n] the position of the k*® visible action is ng.
For [ € [1..n], n] is any index between n;_; and n;, additionally nf = 1 and
n,, .1 = n1 + ng + 1. We obtain n sub-sequences made of the following OTs, for
all k € [1.n] :

j€JNHoles(Q) " ”
By , Pred,,, Post,

vpe [n;..(nk—l)] QP L e ,
S L

j€JNHoles(Q) " "
Bnk]. , Preds,, , Posty,

(ng+1)1 @
j€JNHoles(Q " "
By; , Pred,, Post,

Vp € [(ne+1)..(nj —1)] Q |= ~He P Eiy
Wy T > A,

Thereafter, by Lemma [4 we can deduce the following weak open transition:
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with:

Vie Lo.vk = U(";c)l A U;cl = ’U(n;“’)l

n’

ar =ap, { () Post}}

Jj=np—1
. () "
’yljchﬁHoles(Q) _ @ (ﬁngJﬁHoles Q){{@Post 5£Li;lﬂHoles(Q){{ @ POSt;I}})V@
i:n;C l=i—1 l=np—1
np -1 gt nj
@ (BZJ.EJQHOI'&S(Q){{Q Post]' ® Post,, ® @ Post] )Y
i=ng+1 l=i—1 I=ng—1
ng—l / ’
Predy, = /\Pred"{{@Post”}}/\Pred { @ Posti B A
j=i—1 j=ng—1
k+1 -1 ny, nj,
/\ Pred { @Post”@Post NoO) @ Post’{
i=ng+1 Jj=i—1 j=np—1
Tk
Post, = Q Post}'
'7:";c+1_1
Note that for all k& € [1l.n — 1], vy, = vgy1y, vu = sy = s, and v),; =

— _ o
U(n1+n2+3)l - u(n2+1)l - Sl
1

1
By definition of Post, we have @ Post;' = @ Post;. Consequently, we

Jj= n -1 j=k—1
have:
7Lk
o, @Post”}} ank{{QPost//Q@Post”}} ak{{Q Post’/ }} = ak{{Q Post; B
Jj=nr—1 j=ni—1 j=nj—1 j=nj—1 j=k—1

From equation we obtain the following equation (we recall that the actions
ay, are the actions aj, that are observable):

p=ni+nz+2 1
Preds <+ ;= @ (o @ Post; 1)V
p=1 i=p—1

= i = lap{ () Post;}Ip € [1.n]]

j=p—1

We need now to show that the set of WOT obtained above verifies the
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conditions of the lemma, i.e. it is a set of WOT of the form:

g Predy, Posty
0k

lELQ
<8 pi > :> <15(

with .
J Jp = JnHoles(Q)  trivial
=1

je JNHoles cJp
D @O o)
p=1

i=p—1

Indeed we have:

7 = _ED(E{{ O Posti; )Y @ (Bl () Posti; )Y

j=i—1 Jj=mq

mo 1 1
EB(E{{ Q Posts; @ Posty ® @Postlj }})V

i=1 j=i—1 j=m

And thus, because ﬂjg‘mHOleS(Q) are equal to the concatenation of
(ﬁ/ )]GJﬁHoles(Q) (ﬁéj)ju’:'Jr‘|Holes(Q)7 and (ﬁ/ )jGJﬁHoles(Q) (re indexed be-

cause we skipped some transitions), and additionally (B, )JEJOHOI%(Q)
(By;)7 €/ Heles(Q) - and - (5,,)7€7Heles(@)are identical to the hole labels

{EJJﬁHoles(Q ’ ﬁjEJﬂHoles Q) and ﬂgeJﬁHoleb(Q) (re—in dexe d) when Q move
We can assert a similar equahty on post-conditions, i.e. between Postzf
and PostY,, Posty, Posty, where Post, is the restriction of Post, over
vars(@Q) (see initial decomposition, case 1, 2, and 3 above). Overall, we have

Vi € L. S(nt1)i = 5; A\ S0i = si (see above):

,ermHom(Q) @((511){{©P09t;3}}) @(/32{{@ P‘”t/l,;}}) ®

i=1 j=i—1 j=mq

mo

@(631{{ @ Post3] @Post2 ® @Postlj }}

j=mj

k+1

= é @ (ﬂJGJmHOIes(Q>{{ @ Post” @ Post//}})v
k=1 j=nf -1
_ @ ( JE]ﬁHolca(Q){{ @ Postk}}>

j=k—1

7more precisely, when @ moves either B{EJTJOHOIQS(Q) is not empty and thus

(ﬁ:/lpj )J€JNHoles(Q) — Q{EJJOHOI%(Q), or both are empty if the holes of @ perform no action.
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Next, we have:

Pred = Pred’ /\/\ ( ap{ @ Post; }}) = (Pred,{ @ Post; }) )

p=1 i=p—1 i=p—1
Indeed we have:
my mo
Pred <= /\ Predy; {{ @ Posti;}} A Predz{{@Postlj A /\ Preds; {{ @ Postzj © Posta ® @Postlj B
j=mq Jj=m1q

= /\ Pred’y; A Pred; A a1 = Biij, {{@Postlj}}

i=1 j=i—1

1
A (P?"ed/2 A Predg N Qg = ,32]'0) {{@POStlj}}

j=mq
mo
/\ (Pwdm A P7ed31 A azi = Baijg {{Q Postz; © Posta ® @PostlJ B
i=1 j=i—1 j=m1
— /\ Predh{{QPost ) A (Pred?, {{@Post/l/J WA (ani = ﬂlLJO){{QPostU ¥
i=1 j=i—1 j=i—1 j=i—1
A Pred2{{®Post1]}} A Pred”{{@Postlj}} A (21 = Bay) {{@Posth !
j=m1 j=mq j=m1
mo
/\ (Pred?”{{ @Poefsj(DPostQ@ @Postu BA PTedSl{{©P09t3J ® Posta ® @Poeflj B
i=1 =i j=mq j=i—1 j=m1
A (i = 63”0){{®P05t3J®Postg® @Postlj }}>
j=i— j=m1

n
< Pred’ A /\ Predy, {{ @ Post; }} A Predg

k=1 j=k—1
< Pred’' A /\Predk{{GPost BA (v = {{@Post Bl € [1..n]])
k=1 j=k—1

which is exactly what is needed with v;, = [8o..3,].
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1
Finally we have Post = Post’ & @ Post, because

p=n
1 1
Post = @PostngPostQQ @Postlj
j=ma j=my
1 1 1 1
= @PostngPostlgG) @Post'lj O] @Posté}@Post'{@ @Post'fj
j=ma j=m1 Jj=ma2 Jj=m1
1
= Post’ ¥ @ Post;-/
J=nl -1
1 1
Which concludes because we have @ Post] = @ Post;. O
j:n;cfl j=k—1

Lemma 7 (Weak open transition composition). Suppose that we have a
weak open automaton such that the WOTs cannot observe silent actions (see
Definition . Suppose jo € J and:

B9€7 | Pred, Post ¥, Predg, Post,
Pl JL ....... . s and Q= zeL7 ...... QQ’Q ..........
ast€ln % g (sh) €y Qs =2 g () 1€han

Let Pred’ = Pred A (8, = ag AN Predg)  and  Post’ = Post Postg
Then, we have:

Fu (ﬂ;e‘j\{j‘)})v, Pred’, Post’

P[Qlj = qszeLwLQD%q(si)leL@LQD

3

PROOF. By Lemma [f] we can decompose the WOT of @ into a series of k + 1
and k' + 1 tau open transitions and an ag, open transition (observable or not
depending on ag):

Bin, Predy,, Post Ba, Preds, Posts
Vhe[l.k].Q 5”17_”1 ........... h . s ) - S— :
A(s1n) > — < (S1(hy1))> 801 B —2 A S99b

Ban, Predsy,, Post
and  Vhe [LK].Q bt Dredsn, Postar

A(s3n) B = < (83(h41))>
such that

i€Lg

_ _ _ _ ji€lg
s; = S11 A S1(k+1)i = S21 \ S22 = 31 A S3(k/+1)i = S ;

aq =afi() Posti; }

=k

8



EB ﬁm{{@ Posti;})¥ @ (Bof{(DPosti; )7 @

j=h—1

@(@{{@ Posts; ® Post;©(~) Post; })¥

j=h—1 j=k

Predg = /\ Predlh{{QPostl i} A Predsy {{O Postip BN

h=01 j=h—1

/\ Predsh{{Q Postz; ® Posta ® @Postlh}}

j=h—-1

Postg = QPostgh ® Posty ® @Postlj

h=k’

1. For the first k£ open tau transitions, by Definition [[I] P can necessarily
make a tau open transition if the hole indexed jo makes a tau action. So
by Lemma [2| we obtain k open transitions in the form:

ﬁ, Predyy,, Postyp,

P[Q];, b= et LT S
(@l = asipWsils g S1(h41) W si€ly

2. For the possibly observable open transition. By Lemma [2] with the lemma
hypotheses we obtain:

ﬁj(je‘]\{j"}) W o, Pred A Preds A ag = Bj,, Postw Posty
P[Q]jo e OO S AN ot

st Wsy > 5 q s’zEL & 900>
3. We proceed in the same way as the first item for k¥’ last weak open tran-
sitions, and we obtain &’ open tau transitions.
Using Lemma [4] from cases (1), (2) and (3) we get:
Fes Predc, Post,
sy W sleL

where o = a{{@ Posty; | and o = o’ because Posty; acts on variables of @
j=k
and « contains only variables of P.

k 1 1
5o =G () Postu )™ @ (8,97 00) w ) () Postii )T

i=h—1 i=k

Y
@ Ban{ @ Postz; ® Posta ® @ Posty; }}
h=1

i=h—1

=74 (BJ.EJ\{]O}) because Posti; does not act on variables of 3;.
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k 1 1
Pred. = /\ Predin{ @ Posty; J} A (Pred A Predy A ag = ,Bjo) {{@ Posty; A
h=1

i=h—1 i=k

4 1 1
/\ Predsn{ @ Postz; ©(Post® Posb)@@ Posty; }
h=1

i=h—1 i=k

1 1
Post, :(@ Posts;) © (PostW Posty) © O Posti;

i=k’ i=k

Lqg €Lqg

Note that we have S:e = 511 A S1(k+1)i = 821 A S22 = 831 A S3(h/41)i = SIZ:
Note also that Post only acts on variables of P while Post;; only acts on
variables of (). We conclude on predicate and posts as followﬁ

1 1
Pred, = Predg A Pred{{@ Post1i}} A (ag = Bjo){{Q Posty;

i=k i=k
= Predg A Pred A ag = Bj,
Post. = Posty Postg

0

Lemma 8 (Weak open transition composition). Suppose that we have a
weak open automaton such that the WOTSs cannot observe silent actions (see
Definition . Suppose jo € J and v;, = [Bo..Bn] and additionally:

jeJ j€dp
vi=", Pred, Post Vpj , Pred,, Post,
P - Al e and ¥p € [1.n] Q |z = Fhiii s
asiclp & qgli€ly <15;5LQ b 2R g s(ff&b
Let
n
Jo= 7% Vi€ Lo.si=50 A S =Smi1y
p=1

n 1
Vi € Jp, v = @ 14 Posti }
=1 k=p

n 1 1
Pred’ = Pred A /\ (ap = Bp A Pred,){ @ Post;}}  Post’ = Post @ Post,

p=1 i=p—1 p=n

Then, we have:

(3 (2

18 Posty; only has an effect on variables of @ and thus does not modify Pred or Bio -
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PROOF. Suppose we have:

vgeJ, Pred, Post

Pl bl L
asi€hp & qsli€hp
By Lemma [4] this implies the following:
3707 Predy,, Post
Vpe[l..my].P | e gl AT lpL’

JjEJ2
25 Preda, Postsy

R ELD
e

ﬁ?e. P Predsy, Posts
and Vp € [1..mg].P = et 3paLL p”eL

where:

. /
Vi€ L. 8; = 811i A\ S1(mq+1)i = 5210 N 8220 = 8315 A 83(ma+1)i = Si

a=d'{ @ Posti; }

Jj=m1

mi 1 10
¥ =615 ) Postu )Y @ (85572 { () Postu})Y @

i=1 k=i—1 k=m1

meo 1

1
@(5;;"3” { @ Postsr, ® Post, ©® @ Posti )Y
k

=1 =i—1 k=mj

Pred = /\ (Predlp{{Q Posty }}) A Preds {{Q Postyp JA

p=1 j=p—1 p=m1

mo 1 1
/\ Predgp{{G Posts; ® Posta ® @ Postip }}

p=1 j=p—1 p=m1

1 1
Post = O Postsp, ® Posty © @ Posty

p=m2 j=m1

Note that, for | € {1,3} if §,;, = 7, then, because of Definition P
necessarily makes a 7 open transition and remains in the same state, e.g. s1p; =
S1(p+1)i- LThus without loss of generality, we can bypass such an open transition
and obtain another decomposition of the WOT without the open transition that
requires Jipj, = 7. We can thus suppose that for all p and [ we have 8,5, # T or
Jo & Jip. To avoid a special case, we suppose that the hole jo moves during the
OT o/, ie. a5, = B for some m. Additionally, 8, # T, else we would have
a =o' =7 and the o/ OT could be also removed from the reduction, leading
to a particular and simpler case.

We introduce nie[l”m_l], and (n})*€[m+1-7] the indices of the steps in which
the hole jo moves in the 3 sets of OTs above (3, is the action that matches the
hole jo in the OT &), in other words, we have for all 4, 81,,;, a visible action,
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as additionally:

Yio = [Bo.-Bn]
=@(51ijo EOPostu )Y @ (Bajo () Postu )V e

. k=i—1 k=m1
Jjo€J1s

m2

1 1
@ (B304 @ Postsr, ® Posta @QPostlk }})V

i=0 k=i—1 k=m1
Jo€J3s

We have, by definition of n; and n}:

1 1
Vi S [1 ..m—l],,b’lmjo{{ @ POStlk}} = ,Bi, 62]‘0{{6 POStlk}} = 6m, and

k=n;—1 k=m1
1 1
Vi€ [m+1..n], B3nj,{ @ Posts, ® Posty © @ Posti } = 6;
k=n/—1 k=my

Now, we compose OTs for each of the case above (depending on the OT of P):

1. For the first 7 OTs, i.e. p € [1..my]. We have:
Either there is ¢ such that p = n;, and thus 3; and f3,;, are defined. In
this case by Lemma [7] we have:

/ !/ /
o] o) P p—— Yapy Predy,, Posty,
Jo JEL j€Lg T jeL jELG
87,5 (G 845 > = d 81(p+1)j s >
with

- g
Yip = 'yfjeJl W ( {Ej w\lio}yv Pred, = Predy, A (B1pj, = i A Pred;)

Post,, = Post, ¥ Post;

Or jo ¢ dom(f1,) and @ does not move in the composed reduction. In this
case there is no 4 such that p = n;, but there is ¢ such that p €|n;..n; 1],

and
PlOL, Bip, Predip, Postyp
jo 2 o i
481, W sy > — <sl(p+1),L+Jsij >

J
and thus we also have a weak OT by Definition [13| (rule (WT2)):

! !/ !
P Vips P7_‘ed 1p» Post 1p _
[Q]Jo 'Z q jeLLﬂ jELG T qs€E JE€Lq
S1pj © Sij Sip+1)s S

with 7], = (B1p)¥, Pred’,, = Predyy, Post},, = Posty,
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2. Similarly, for the middle OT with label a:

vy, Pred’, Post,

L= 'yffij O] (5%;‘6J2\{j0})v Pred’, = Predy A (B2, = atm A Pred,,)
Postly = Posty & Posty,

3. For the last 7 OTs, i.e. p € [1..mgy]. We have similarly to the first case:
Either there is ¢ such that p = n}, and thus 8; and B1,;, are defined. In
this case by Lemma [7] we have:

/ !/ !/
Vap, Preds,, Posts,

P[Q]' S I e e
Jo jeL jELg T jJEL Jj€Lq
N .. w,
83, Us” > = <133(p+1)j Us(i_H)jD

with

'ypr = 'ygje‘]" O] (ﬂg;fs’)\{h})v Predy, = Preds, A (Bspj, = o A Pred;)

Posty, = Posts, © Post;

Or jo ¢ dom(f3;,) and @ does not move in the composed reduction. In this
case there is no 7 such that p = nj, but there is 7 such that p €]nj..nj_ |,

and L
Bap, Predsp, Postsy,

P[Q] . ': ...... NTTTPISPPIeen: T P T SOP PR, eerreeenans
Jo JjeL jELqg T JEL JjELQ
. .. H ..
<153p] Us” > — <153(p 1) ] 835 >

and thus we also have a weak OT by definition [13| (rule WT2):

! / /
Vaps Preds,, Posts,

P[Q] |: SRR ¢ ST/ A .
70 QSégj-L (] ngeLQ b= d SJGL

with 74, = Bsp, Pred, = Preds,, Post’y, = Posts,

By definition of weak open transition (Definition rule WT3), we obtain:

0l ~', Pred” , Post”
P Q e SRR P PR OO PP P TS PAPPPON
Jo ; ; ; 3
JjeEL " j€Lqg @ jeL " j€Llq
8105 W 50; > = d 83 (mat1); W 8(n+1)jl>
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where

o :o/{{Q Posty; }

j=m1

*:EB%{{@ Posti}} & 72{{@ Post!,}} @

k=i—1 k=m1

@731{{6 PostSkQPostQ(D@Postlk}}
k=i—1

Pred" = /\ Pred; { @ Post'; } A PredQ{{Q Posty; BA

= Jj=i—1 j=mq
/\Predgl{{Q P05t3]®P05t2® @ Post; }}
Jj=i—1 j=mso

Post” = @ PostngPostlgG) @ Post’lj

Jj=ma2 j=m1

However it must be noticed that in steps 1 and 3, we have two kinds of
WOTs with different signatures (depending on whether  moves or not). It is
still possible to glue them together in a global rule with two more terms for Pred
and Post terms. This global merge is possible because the post-conditions of P
only act on variables of P and those of @ on variables of @ (for example Post;
has no effect on Pred;, and thus does not need to be taken into account when
dealing with WOTs where @ does not move).

We now compare each element of the obtained WOT with the conclusion of
the lemma:

"= Posti}

j=my

= a'{{@ Posti; } o' only contains variables of P untouched by Post;

Jj=m1

For 4" we distinguish elements in the holes of P and of Q
First suppose j € J \ {jo} we have 7} = 7; because Post has no effect on
variables of P and on 1,;, consequently we have:

69 Buisfl Q Postuc )7 @ (B { () Postui})Y &

k=m1y
meo 1 1
@(631‘]‘ {{@P08t3k ®Posta ® @ POStlk}})v
=1 k=i—1 k=m1
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Second, when j € J; for some ¢, fy;- is the concatenation of elements of
Yiijs V25> V3i; that are not empty. By construction the concatenation of these

elements is v, for t € [0..n]. Post;; has no effect on 7; but Post, has. We
obtain:

% —@m{{@ Postlk}}@m{{@ Post'. }} &

= k=i—1 k=m1

Dt C) Postéwpost’z@@ Postiu}
i=1 k=i—1 k=n
f@m{@ Posty}

k=t—1

Concerning predicates, we also separate predicates on P from predicates on
@, and from the equality on the action filling the hole:

Pred” = (/\ Pred’; { @ PostIJ A PredQ{{GPostI]}}

j=i—1 j=m1
m3
A /\ Predf, { @ Posty;® Posty® @ Post’lj}})
i=1 j=i—1 j=m1
my 1 1 mo 1 1
= ( /\ Pred1p{{@ Posty; J} A Predg{{@ Postip } A /\ Predgp{{@ Post3j ® Posta ® @ Postlp}})
p=1 j=p—1 p=m1 p=1 j=p—1 p=m1
m—1 1 1
A /\ Predy @Post A ( /\ (Bin,jo = i) { @ Post’; } A (Bajo = am){{QPostllj}}
i=t—1 Jj=n;—1 j=m1
n 1
A /\ (BSn;jo =a;){ @ PostéjQPost/2® @Post'lj}}>
i=m+1 j=n/—1 Jj=m1
my 1 1 ma 1 1
= ( /\ Predlp{{Q Posty }}) A Predg{{@ Postip} A /\ Predgp{{Q Post3;® Posta® @ Postlp}}>
p=1 Jj=p-—1 p=m1 p=1 Jj=p—1 p=m1
m— 1 1
A /\ Predy @ Post; A ( [31 =) @ Post; } A (Bm = am){{Q Post; }
i=t—1 i=1 j=i—1 j=m
n m 1
A /\ (Bi = oei){{@Postj@Postm@ @ Postj}})
i=m+1 j=i—1 j=m—1

= Pred
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Finally, concerning post-conditions:

1 1
Post” = @ PostéjQPost'Q@ @ Post'lj

j=m2 j=m1

1 1 1
= (@ PostngPost'QQ @ Post'lj> ] Post;
j=n

Jj=m2 Jj=m1

1
= Posty @ Post;
Jj=n

This allows us to conclude concerning the lemma. ' O
Theorem [7| Congruence. Consider an open pNet: P = (P!, Sort}e‘],ﬁ/».
Let jo € J be a hole. Let Q and @’ be two weak FH-bisimilar pNets such that
Sort(Q) = Sort(Q’) = Sortj,. Then P[Q];, and P[Q’],, are weak FH-bisimilar.

ProoOF. Consider Q weak FH-bisimilar to @’. It means that there exists an
FH-bisimulation Rg ¢ relating the two pNets @ and Q’. We define a relation
R relating states of P[Q];, with states of P[Q’];,:

R = {(QSP (] SQI>, <15P (] SQ/I>, PredQ’Q/)| (SQ, SQ/, PredQﬁQ/) € RQyQ/}

To prove weak FH-bisimilarity of P[Q];, and P[Q’],,, we consider an open
transition OT of P[Q)];,, and an equivalent state of P[Q’];,, and we try to find
a family of WOT of P[Q'];, that simulates OT'. Consider an OT of P[Q)];, it is
of the form (notations introduced to prepare the decomposition):

o]

Bge(‘]’)w‘]@, Predp A Predg, Postp & Postg

P S Y P PP PPN 1
i = ASpW Sg > 5 aSp WS

By the decomposition lemma for OTs (Lemma [1f), we obtain the 2 following
OTs (equality side-conditions have been unlined for clarity):

B;EJP W (joraq), Predp, Postg B;EJQ,PredQ,PostQ
P s 22 Lol P and Q5 el s -
aSp > — <Sp> aSq > — <S>

By definition of R we have (Sg,Sg/|Predg,q') € Rg,o- And thus, by
definition of weak FH-bisimulation, there exists a family of weak open transitions
WOT,:

’ygf‘]Q , Predgiy, Postgry

QSQ/ > % < Sé}’xb

where
V. (Sg, Sgre | Predg.qre) € Ro,qf
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and

Predg g A Predq =

( \/ (V5 € Jg. (/Bj)v = vjz) = (Predg, Nag = aw/\PredQ,Q/z{{PostQ/z&JPostQ}}))
rzeX

Composing the OT of P with the WOTs of Q' by Lemma [7| we obtain:

(BI€7PYY vj-f‘lQ, Predp A Predg, Postp & Postg,,
aSp WS b = ASp W Sp,>

with \/ (Vj € Jg. (Bj)v =Yz = aQ = ag;) that ensures that the open tran-
reX
sitions can be recomposed when the OT fires.

Side conditions necessary to prove weak-FH bisimulations are:
V. (Sfp W Sb, SED W Sb/w|PT'6dQ’Q/$) eR

which is true, and

Predg,g' N\ Predp N\ Predg —
(V% € Jq- (8)Y =3 A Vi € T (B)T = (8)%)) =

zeX

(Predp A Predgr, A @ = a A Predg g f{Postp W Postgr, W Postg }}))

We conclude by observing that Postp has no effect on variables of @ and Q’,
and thus on Predg, q/s- O
Theorem Context equivalence. Consider two FH-bisimilar open pNets:

P = (P}, SortgeJ,ﬁ/» and P’ = (P''€", SortgeJ,W» (recall they must have
the same holes to be bisimilar). Let jo € J be a hole, and @ be a pNet such
that Sort(Q) = Sort;,. Then P[Q];, and P'[Q];, are FH-bisimilar.

Proor. Consider P weak FH-bisimilar to P’. There exists an FH-bisimulation
Rp p relating P and P’. We define a relation R relating states of P[Q)];, with
states of P'[Q)];,:

R = {<<15p (G SQD,QSP/ (G SQD7P7“€dp’pI>| (Sp,Spr, Predp,p/) € RP,P’}

To prove weak FH-bisimilarity of P[Q];, and P'[Q)];,, we consider an open
transition OT of P[Q)];,, and an equivalent state of P’[Q],,, and we try to find
a family of WOT of P'[Q)];, that simulates OT. Consider an OT of P[Q];, it is
of the form (notations introduced to prepare the decomposition):

B;E(JP&JJQ), Predp N Predg A Pred, Postp & Postg

P ] S S T P PPN 41
i = ASpW Sg > 5 aSp WS
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By the decomposition lemma for OTs (Lemma [1f), we obtain the 2 following
OTs (equality side-conditions have been unlined for clarity):

B?eJP W (jo—ag), Predp, Postg ﬂ;ean Predg, Postg
P i Tl P and Q= el i e
aSp > — <Sp> aSq > —> <4 Sk

With Pred <= ag = Bj,

By definition of R we have (Sp, Spr, Predp p/) € Rp,p. And thus, by defi-
nition of weak FH-bisimulation, there exists a family of weak open transitions
WOT,:

i€ Jpwij
'ij r {jO},PTCdp'17POStP/z

aSpr > 25 9S>

where
V. (S;p, Sir_nz, P’f’@dp’p/m) S Rp’p/

and

Predp,p/ A Predp — ( \/ (V] e Jp. (ﬂj)v = Yjz N (CEQ)V = ’on) =
reX

(Predp; AN o = a A Predp pro {Postpr, & Postp}}))

We here need a special case of Lemma [§] where the inner pNet @ does a
simple OT. This is just a particular case of the theorem but where notations
get simplified because the inner pNet does a single transition. This way we can
compose the WOTs of P’ with the OT of @ and obtain, with ~;, = [5]:

(ﬁge‘]Q)v W 'yj:f‘]’“7 Predp:, A\ Predg A ag = f3, Postpr, © Postg
ASpr W S > =5 4Sp, ¥ SHp
Side conditions necessary to prove weak FH-bisimulations are:
V. (Sp W Sg, Spr, WSy, Predp pra) € R

which is true, and

Predp pr N\ Predp A\ PredgPred —

(V5 € Jp(8)7 = v3a AV € Jo. (8) = (8)) =
zeX

(Predpry A Predg Aag = Aoy = aA Predp pry{Postpr, W Postp & Postg }}))
We conclude by observing that Postg has no effect on variables of P and P’,

and thus on Predp p/,, and Pred leading to the conclusion about ag = f. O
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Appendix C. Full details of the Simple Protocol Example

The first piece of code is the textual definition of the SimpleProtocolSpec
pNet, that was drawn in Figure[2] page[14 This code should be intuitive enough
to read, with the following language conventions, that brings some user-friendly
features, mapped by the editor into pure pNet constructs.

o Constants of any type (including Action) must be declared as “const”.
They are used either as functions with argument, as typically in(msg), or
constants without argument, typically as "tau()".

o Variables can be declared as global variables of a pLTS (e.g. m_msg in
PerfectBuffer), or a pNet Node in the case of synchronisation vec-
tor variables (e.g. p_a), or as input variables in a pLTS, as ?msg in
PerfectBuffer.

e The variables in the guards of synchronisation vectors (e.g. in SV1) do
not need to be explicitly quantified: by convention, all variables in a guard
that do not appear inside the vector actions will be recognised as bound
by a forall quantifier inside the guard.

o The tools will check that everything is correctly declared, that variables are
used properly and do not conflict between different objects, that vectors
have coherent length, etc.

SimpleProtocolSpec:

import "Data_Alg.algp"

root SimpleProtocolSpec
const in, out:Action

const p_send, q_recv: Action
const tau:Action

pLTS PerfectBuffer
initial b0

vars 7?m:Data

vars b_msg:Data b_ec:Nat

state b0
transition in(m) -> bl {b_msg:=m, b_ec:=0}

state bl
transition out(b_msg, b_ec) -> b0
transition synchro(tau()) -> bl {b_ec:=b_ec+1}

pNet SimpleProtocolSpec

holes P,Q

subnets P,PerfectBuffer,Q

vars p_a,q_b:Action m:Data ec:Nat

vector SVO <p_send(m),in(m),_>->synchro(in(m))

vector SV1 <p_a,_,_>->p_a [p_a !'= p_send(x)]
vector SV2 <_,out(m,ec),q_recv(m,ec)>->synchro(out(m,ec))
vector SV3 <_,_,q_b>->q_a [q_b != gq_recv(x,y)]
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The corresponding generated Open Automaton was given in Figure 4] page

20

Next is the code for the SimpleProtocollmpl pNet:

SimpleProtocolImpl:
import "Data_Alg.algp"
root SimpleProtocolImpl
const in,out:Action
const tau,p_send,q_recv,m_recv,m_send,m_error: Action
const s_recv,s_send,s_ack,s_error,r_recv,r_ack,r_send: Action

pLTS Sender

initial sO

vars ?m:Data

vars s_msg:Data s_ec:Nat
state sO

transition s_recv(m) -> sl {s_msg:=m, s_ec:=0}
state si

transition s_send(s_msg, s_ec) -> s2
state s2

transition s_ack() -> sO

transition s_error() -> sl {s_ec:=s_ec+1}

pLTS Medium

initial mO

vars ?m:Data 7ec:Nat

vars m_msg:Data m_ec:Nat
state mO

transition m_recv(m,ec) -> ml {m_msg:=m, m_ec:=ec}
state ml

transition m_send(m_msg, m_ec) -> mO

transition synchro(tau()) -> m2
state m2

transition m_error () -> mO

pLTS Receiver
initial r0
vars ?m:Data 7ec:Nat
vars r_msg:Data r_ec:Nat
state r0
transition r_recv(m,ec) -> rl {r_msg:=msg, r_ec:=ec}
state ri
transition r_send(r_msg, r_ec) -> r2
state r2
transition r_ack() -> r0

pNet SimpleProtocol
subnets Sender ,Medium,Receiver
vars m:Data c:Nat
vector SVO <s_recv(m),_, _>->in(m)
vector SV1 <s_send(m,ec),m_recv(m,ec),_>->synchro(tau())
vector SV2 <_,m_send(m,ec),r_recv(m,ec)>->synchro(tau())

vector SV3 <s_ack(),_,r_ack()>->synchro(tau())
vector SV4 <s_error(),m_error(),_>->synchro(tau())
vector SV5 <_,_,r_send(m,ec)>->out(m,ec)

pNet SimpleProtocollImpl
holes P,Q
subnets P,SimpleProtocol,Q
vars p_a,q_a:Action m:Data c:Nat
vector SVO <p_send(m),in(m),_>->synchro(in(m))

vector SV1 <p_a,_,_>->p_a [p_a != p_send(x)]
vector SV2 <_,out(m,ec),q_recv(m,ec)>->synchro(out(m,ec))
vector SV3 <_,_,q_b>->q_b [q_b != g_recv(x,y)]
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vars:
s_ec, m_ec, r_ec: Nat
m, s_msg, m_nsg, r_msg: Data

Figure C.11: Weak Open Automaton for SimpleProtocollmpl

In Figure [C.I1] we recall the weak open automaton of SimpleProtocollmpl.
This drawing is based on the observation that states 202 and 000 are only
linked by a "pure 7" transition, and have exactly the same possible behaviours.
In this configuration we can guarantee that they are weak bisimilar, and we
have merged their (incoming and outgoing) transitions in the figure. We denote
this equivalence class of states as {000,202}.

Full details of the weak transitions is listed here:

In the first 3 weak transitions, S denotes the set of all global states.

{}, True, ()

W, = ot lils

S=5

Poyp-al, [Vx.p-a # p-send (x)],
wi, — Popreh [xpta £ prsend (ol )

S=5
{Q~q-b}, [Vx,y.9-b # q-recv(x,y)], ()
Wy = soeeeeeeeseesiossinsssis s o
S=—S

All the following transitions are parameterised by an integer n € Nat, mean-
ing they stand for the corresponding (infinite) set of weak OTs. In some cases,
this set is further restricted (see e.g. WlIz(n)), in which cases we have added
an explicit quantifier.

{P—p-send(m) }, True, (s_msg + m,s_ec < n)

W Ig(R) = st e
{000,202} 2222 100
Wlo(n) {P—p-send(m) }, True, (m_msg « m,m_ec < n,s_ec < n)
5 (T0) == eeerrsrre e e e e T L
{000,202} 2222 210
P—p-send(m) }, True, (s_ec < n)
i = P T (00 )

{000, 202} 2% 220
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{PHp send(m) }, True, (r_msg < m,r_ec < n)
W I3(1) = et mgeamossss s s s s

in(m)

{000,202} 222 201
{},True, (n_msg < s_msg,m_ec < s_ec +n,s_ec < s_ec +n)

TV LA (12) = e e s s ot ot Do s e T ess st e Thses e Tosen s s s s
) = 100 = 210
{}, True, (s_ec + s_ec+n)
Wta(n) = <ot et e Tl
100 = 220
True,(s_ec < s_ec+n
oy = OLTrue (s ec o ot )
210 = 220
{},True,(s_ec + s_ec+1+n)
Wsa(n) = it et e Tt
210 = 100
True,(s_ec<s_ec+1+n
iy = (True (e o 2 ec 14 )
220 = 100
W Ioo(n) = {},True, (m_msg < s_msg,m_ec < s_ec+ 1+n,s_ec+ s_ec+1+n)
e 220 = 210
Because

Postgq, = posts® postyse@ posts
= ((m_msg + s_msg,m_ec + s_ec)O(s_ec + s_ec+n))O(s_ec + s_ec+1)
= (m_msg < s_msg,m_ec < (s_ec+1)+n,s_ec+ (s_ec+1)+n)

W Lises = A LT T
R 100 = 100
W hgan (n) = {}, True, (m_msg + s_msg,s_ec + s_ec+1+n,m_ec+ s_ec+1+n)
B 210 210
W I sse (1) {}, True, (s_ec + s_ec+1+n)
s(n) = AR LR m L L
o 220 = 220
WE(n) = {}, True, (r_msg < s_msg,r_ec < s_ec +n)
n) = Al T L T e T e L
’ 210 201
W Iy (n) = {}, True, (r_msg < s_msg,r_ec < m_ec + n)
et 220 = 201
Vi > LW Ty (n) {}, True, (r_msg < m_msg,r_ec < s_ec +n)
n (1) = e L TR T R LT L TR L
100 =201
{Q—q-recv(ri-msg,ri-ec)}, True, ()
Wig = e
201 {202,000}
{Q~q-recv(m_msg,m_ec +n)}, True, ()
Vn > 1.Wlis,(n) = T

210 ————=——= {202,000}
{Q—q-recv(s_msg,s_ec +n)}, True,()

Vi > TW Iy (1) = orveresrssrsessrs s st
990 e-mo8-2 T 1909 000}
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{Q—qg-recv(s_msg,s_ec +n)}, True,()

Vn > 1.Wlis.(n)
100

Then for all 7 transitions above we have a similar WOT that include a non-7

out(s_msg,s_ec+n)
_————>

{202,000}

move from an external action of P or @, like for example:
{P—p-a}, [Vx.p-a # p-send (x)],
(m_msg < s_msg,m_ec < s_ec+n,S_ec < s_ec+n)

but also e.g.:

100 22 210

{Q~q-b}, [Vx,y.9-b # g-recv(x,y)],
(m_msg < s_msg,m_ec < s_ec +n,s_ec < s_ec+ n)
and WI4Q(7”L) PP PPN

100 L2 210

{P—p-a},[Vx.p-a # p-send(x)], (s_msg < s_msg,s_ec < s_ec +n)

W 56+ P(n)

The following table give a summary of WOTs, when sharing their names as

much as possible.

100 22100

WOT name Pairs of source states and target states |# WOTs
Wi Wi, WI, {(s,s)|s€States of WOA}U{(202,000)} 21
Wlis(n) {(202,100),(000,100)} 2
W s, (n) {(202,210),(000,210)} 2
W s (n) {(202,220),(000,220)} 2
Ws.(n) {(202,201),(000,201)} 2
Wiy(n) WILP(n) WI,Q(n) {(100,210)} 3
Wl (n) WiaP(n) WiaQ(n) {(100,220)} 3
WI456* (n) WI456*P(71) WI456*Q(71) {(100,100)} 3
Ws(n) WIsP(n) WI;Q(n) {(210,220)} 3
Wlso(n) Wis,P(n) Wis,Q(n) {(210,100)} 3
WI564*(TL) WI564*P(H) W[564*Q(n) {(210,210)} 3
Wlig(n) WigP(n) WIsQ(n) {(220,100)} 3
Wlga(n) Wlso P(n) Wis,Q(n) {(220,210)} 3
WIG45* (n) WIG45*P(’I’L) W1645*Q(TL) {(220,220)} 3
WI;(n) WI;P(n) WI;Q(n) {(210,201)} 3
Wha(n) Wi P(n) WEaQ(n)  |{(220,201)} 3
Wiz (n) WinP(n)P WinQ(n) {(100,201)} 3
Wig(n) {(201,202),(201,000)} 2
W Igo(n) {(210,202),(210,000)} 2
W Igy(n) {(220,202),(220,000)} 2
Wlg.(n) {(100,202),(100,000)} 2
That makes a total of 73 WOTs in the open automaton for

SimpleProtocollmpl.
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Appendixz C.1. Details of the FH-bisimulation checking

We recall here the relation R that is the candidate for our weak FH-
bisimulation relation:

SimpleProtocolSpec | SimpleProtocollmpl Predicate
states states
b0 000 True
b0 202 True
bl 100 b_msg = s_msgAb_ec = s_ec
bl 210 b_msg = m_msg/Ab_ec = m_ec
bl 220 b_msg = s_msg/A\b_ec = s_ec
bl 201 b_msg = r_msg Ab_ec = r_ec

Consider the first triple <b0, 000, True>, we have to prove the following 6
properties, in which OT << WOT means that the (strong) open transition OT
is covered, in the sense of Definition [14] by the weak transition WOT (it could
be a set, but this will not be used here):

SS1 << W1 SI; << WS,
5SSy << Wiy Sy << WSy
SS3 << Wls SI3 << WSs3

Note that if we were using the alternative weak FH-bisimulation relation
from [Appendix B.I| Lemma[d] that is checking strong FH-bisimulation between
the corresponding weak automaton, we would have a more transitions coverage
to examine, as we have 4 weak transitions for b0 in the SimpleProtocolSpec
weak automaton, and 7 WOTSs (including 4 parameterised WOTS) from 000 in
the SimpleProtocollmpl automaton.

Preliminary remarks:

e Both pNets trivially verify the “non-observability” condition: the only
vectors having 7 as an action of a sub-net are of the form “< —, 7, — >—
7"

¢ We must take care of variable name conflicts: in our example, the variables
of the 2 systems already have different names, but the action parameters
occurring in the transitions (m, msg, ec) are the same, that is not correct.
Recall that we disambiguate the reference to the variable m into ml1 for
SimpleProtocolSpec and m2 for SimpleProtocollmpl.

In our running example in page [34] we have shown the proof for one of the
transitions of (b0,202, T'rue), namely that SS5 is covered by WI5(0). We give
here another example with SS; << W1y, from the first triple (b0, 000, True).
It includes less trivial predicates in the OTs:

{P—p-al}, [Vml.p-al # p-send(m1)], ()
GG = et S ———
b0 —— b0
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WL = et g
000 == 000

Let us check formally the conditions:
o Their sets of active (non-silent) holes is the same: J' = J, = {P}.
e Triple (b0,000, True) is in R.

e The verification condition

Vfvor. {Pred A Predor —

\/ [EfvoTx.(Vj € Jw.(,é’j)v =7,z A\ Predor, A= o\
reX

Predy ;. {PostorW Postor, }})] }

Gives us:
Vp-al.{True A Vml.p-al # p-send(ml)
— Jp-a2.(p-al = p-a2AVm2.p-a2 # p-send (m2) Ap-al = p-a2ATrue}

That is trivially true, choosing p-a2=p-al for each given p-al.

All others pairs from this set are just as easily proven true.
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