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Action-labelled transition systems (LTSs) have proved to be a fundamental model for
describing and proving properties of concurrent systems. In this paper we introduce
Multiple-Labelled Transition Systems (MLTSs) as generalisations of LTSs that enable us to
deal with system features that are becoming increasingly important when considering
languages and models for network-aware programming. MLTSs enable us to describe not
only the actions that systems can perform but also their usage of resources and their
handling (creation, revelation ... ) of names; these are essential for modelling changing
evaluation environments. We also introduce MoMo, which is a logic inspired by
Hennessy—Milner Logic and the p-calculus, that enables us to consider state properties in a
distributed environment and the impact of actions and movements over the different sites.
MoMo operators are interpreted over MLTSs and both MLTSs and MoMo are used to
provide a semantic framework to describe two basic calculi for mobile computing, namely
uKram and the asynchronous r-calculus.

1. Introduction

A well-established and successful approach to modelling and verifying the properties
of concurrent systems uses process algebras and temporal logics as a basis. Concurrent
systems are specified as terms of a process description language, while properties are
specified as temporal logic formulae. Labelled transition systems are associated with
terms via a set of structural operational semantics rules, and model checking is used
to determine whether the transition systems associated with terms enjoy the property
specified by the temporal formulae.

A Labelled Transition System (LTS) consists of a set of states S, a set of transition
labels £ and a transition relation -< § X £ X S. States correspond to the configurations
that the system can reach. Labels describe the actions that the system can perform
to interact with the environment. Transition relations describe the system’s evolution as
determined by the execution of specific actions. Temporal logic formulae are a mix of
logical operators and modal operators. The former are the usual boolean operators, while
the latter are the operators that permit reasoning about the system’s evolution in time
and for dealing with the LTS’s dynamic aspects. The success of these two formalisms
has led to interesting results and to the development of general tools and theorems for
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minimisation and animation of LTSs and for model checking satisfaction of temporal
formulae over them.

In the last ten years, and stimulated by new applications of network-aware program-
ming, several new formalisms based on process algebras, but with new constructs for
modelling network topology, name passing, resources usage and mobility, have been
proposed. Here, we will just mention the Distributed Join-calculus (Fournet et al. 1996),
the Distributed n-calculus (Hennessy and Riely 2002), the Ambient calculus (Cardelli and
Gordon 2000), the Seal calculus (Castagna et al. 2005), Nomadic Pict (Wojciechowski and
Sewell 1999) and Kramm (De Nicola et al. 1998).

The new primitives of these distributed nominal calculi, are such that not only actions,
but also names and resources play a central role. This makes it more difficult to use
LTSs, operational semantics and classical temporal logics to deal with the new calculi.
To model some of their distinguishing features, such as name scoping or process and data
distribution, transition labels had to be enriched to carry information not only about the
actions performed, but also about the state of the system. This interplay has made the
development of a general approach to distributed nominal calculi more difficult, and we
have witnessed the development of a number of theories tailored to specific calculi that
cannot be easily generalised.

A side effect of this lack of homogeneity has been the proposal of many different
temporal logics devised for reasoning about the different calculi. Two variants of HML
(Hennessy—Milner Logic (Hennessy and Milner 1985)) for specifying and verifying prop-
erties of m-calculus processes were introduced in Milner et al. (1993) and in Dam (1996).
Cardelli and Gordon (2006) introduced a spatial and modal logic for specifying and
verifying properties of Mobile Ambients. On the other hand, MobileUnity (McCann
and Roman 1998) and MobAdtl (Ferrari et al. 2002) are two program logics designed
specifically for specifying and reasoning about mobile systems by exploiting a Unity-like
proof system.

We feel that it is important to come up with a general operational model that can play
the same role for distributed nominal calculi that LTSs have played for process algebras.
Such an operational model should allow us to capture all main aspects of the new class of
systems in a natural way and should represent the natural basis for interpreting temporal
logics for describing system properties. A central role in the new set of mobile calculi
is played by names. Names can be public, that is, known by the environment where the
system is executing, or private. Systems, during execution, can discover some of the private
names. Thus, the behaviour of terms of mobile calculi cannot be described without taking
into account the names they use, and classical LTS do not have a natural and explicit
handling of names.

In this paper we propose a variant of LTSs, which we call Multiple-Labelled Transition
Systems (MLTSs), as a candidate general operational model. MLTSs are equipped with
a number of transition relations that capture the different aspects of system behaviour,
namely action execution, resource creation and consumption and name revelation. An MLTS
consists of:

— a set of states, which describe system configurations;
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— a set of resources, which model data (for example, the values exchanged over a
channel), computational environments (for example, the locations where processes can
be executed) and network links (which can be used for interaction);

— a set of transition labels ;

— a naming structure, which enables us to associate public (known by the environment)
names with each state;

— three transition relations:

the computation relation describes the interaction with the environment;
— the resource relation describes resource usage;
the revelation relation describes the names revealed to the environment.

In order to model the properties of an MLTS, we introduce a temporal logic (MoMo),
which consists of a number of basic operators to be used to describe specific proper-
ties/behaviours of mobile and distributed systems. Thus, together with the usual logical
connectives and the operators for minimal and maximal fixed points, MoMo is equipped
with operators for describing dynamic behaviours (temporal properties), for modelling
resource management (state properties), for the handling of names (nominal properties),
and for controlling mobile processes (mobility properties).

To show the usefulness of our proposal, we show how MLTSs can be used to describe the
operational semantics of two formalisms with opposite objectives, namely uKram (Bettini
et al. 2003) and the asynchronous n-calculus (A7) (Boudol 1992; Honda and Tokoro 1991).
uKrLAIM is a simplified version of KLAIM, which is an experimental programming language
that supports a programming paradigm where both processes and data can be moved
across different computing environments, and which relies on the use of explicit localities.
Am is the generally recognised minimal common denominator of calculi for mobility.
We also introduce two dialects of MoMo for reasoning about the two calculi under
consideration.

The rest of the paper is organised as follows. In Section 2, we introduce our general
MLTS model, while in Sections 3 and 4 we show how MLTSs can be used to describe the
operational semantics of An and uKLAIM, respectively. The modal logic for mobility is
presented in Section 5, and its dialects are discussed in Section 6, where we also specify a
few properties of a simple client—server system. Section 7 contains some results about the
relationships between the equivalence induced on An by MoMo and the classical notion
of bisimulation. The final section contains some concluding remarks.

2. Multiple-Labelled Transition Systems

In this section we introduce our variant of LTSs, which will be used as a general framework
for describing the semantics of mobile calculi. We will begin by introducing a few basic
definitions.

Definition 2.1. Let A be a set of names and X be a subset of N. A name substitution is
a function ¢ : N' = N, where:

— {y1/X1,...,yn/xu} denotes the substitution that maps x; into y; and is the identity on
the other names;
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— 01 " 0, is the composition of ¢ and o3;
— o1\X is the substitution ¢, such that

oa(n) = n ifneX
VT 161(n)  otherwise;

— & denotes the identity substitution;
— X denotes the set of substitutions o.

Definition 2.2. With X = A and ¢ € X, we define ¢(X) to be the image of X with respect
to g, namely

o(X)={xX'|Ix € X :a(x) =X}.

Definition 2.3. A naming structure for a set S is a triple N = (N, 5, 0) such that:

— N is a countable set of names
— 1y : S — 2V is the naming function
— 0 :8 XX — § is the renaming function

where, for each s € S and ¢ € X, if we use so ¢ to denote o(s, o), we have

— #(s) is finite
— soJ=s
— n(so o) =a(n(s)).

Intuitively, a naming structure for S enables us to consider the elements of S as
containers of names. For each element s in S, #(s) gives the set of names that appear in
s, while the application of an element s to a substitution ¢ (s o g) yields the element of S
obtained by renaming each name in s according to g.

If one considers the set of n-calculus processes PROC where

— CH is the set of channel names

— fn(P) < CH yields the free-names in P

— P o ¢ returns the process obtained from P by replacing each free name in P as
determined by substitution g,

then the triple (CH, fn,-) is a naming structure for PrRoc.

A Multiple-Labelled Transition System, MLTS for short, consists of a set of states S,
a set of resources R, a set of transition labels £ and a naming structure (N,n, o) for each
of S, R and L. States describe the configurations of a system modelled by an MLTS.
Naming structures label each state by a set of names. These are the names that are public
(known by the environment) when the system is in that state. Resources are the necessary
prerequisites for system evolutions. Transition labels typically identify the actions a system
can perform to interact with the environment. We also assume that £ contains a special
distinct transition label T denoting internal/silent evolution of a system.

MLTSs provide information about:

— the actions that a system can perform to interact with the environment;
— a system’s reactions to creation/deletion of new resources; and
— a system’s handling of privite/public names.
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The modelling via an MLTS is based on three different transition relations:

— the computation relation — S X L X S;
— the resource relation - > =Sx({®0) xR)xS;

— the revelation relation =< S x N x S.

As already mentioned, the three transition relations of an MLTS enable us to model
a system’s behaviour with respect to three different aspects. The computation relation
plays the same role as the transition relation in an LTS in that it describes the actions a
system can perform to interact with the environment. The resource relation describes how

a system evolves when resources are created or consumed. If r is a resource, we have that
or
S weeee > 5, is possible if r is available at state sy; after r is consumed state s, is reached.
®r

Similarly, we have sy - » 55 if s can be obtained from s; by adding resource r. The
revelation relation describes the capability of a system to reveal a private name to the
environment.

To guarantee the correct management of names, we need to require some specific
properties for the three transition relations, namely that they have to be preserved by
name permutations, that is, by bijective substitutions.

Definition 2.4. Let N = (N, 5,0) be a naming structure for Ay,...,4,. We say that a
relation Z < A; X ... X Ay is preserved by name permutations if and only if for each name
permutation o,

(ai,...,an) EZ < (ay100,...,a,00) €E Z.

Definition 2.5. A Multiple-Labelled Transition System is a 7-tuple
M:<S,R,£,N,——>’ ....... ,,c_)>

where:

— S, R and L are countable sets of states, resources and transition labels ;
— N = (N, 5,0) is a naming structure for S, R, £ and NV ; and
— the three relations

— < SXLXS;
....... s = Sx({®,0e}xR)xS
— < SXN xS

are preserved by name permutations.

In the rest of this paper we will use MS, M=, M~ and MN to denote the set of states,
the set of resources, the set of transition labels and the naming structure of an MLTS M,
respectively.

In the next two sections we will show how MLTSs can be used for describing the
behaviour of asynchronous n-calculus and uKramm.
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3. Asynchronous n-calculus

In this section we consider the asynchronous zw-calculus (A7n) (Boudol 1992; Honda and
Tokoro 1991), which is a subset of the n-calculus in which there is no output prefixing.

If CH is a countable set of channels (whose elements are ranged over by a, b, ... ), we
let PROC,, be the set of Am processes (P, Q.. ..) defined by the following syntax:

P,Q :=ab|G|P|Q]|vaP |G
G :=0|ab)P|tP|G+G

where G denotes guarded processes.
In Arn, processes interact by exchanging messages over channels.
The process ab is used to indicate the availability of message b over channel a; it models
non-blocking outputs.
A guarded process G can be:
— 0, the deadlocked process;
— a(b).P, the process that retrieves a value over channel a and then behaves like process
P, and where the name b is bound to the retrieved value;
— 1.P, the process that performs an internal action and then behaves like P;
— G + G, the process that can non-deterministically behave like Gy or G,.

Processes are composed via parallel composition: P|Q describes a system composed
from two components (specified by P and Q, respectively) that can proceed independently
and can interact via shared channels.

Private names are defined using restriction: va.P denotes the fact that a is a private
name in P.

Infinite behaviours are modelled via process replication (!G). This can be thought of as
an infinite composition of G (G|G]|...).

Note that both input prefixing b(a).P and name restriction va.P act as binders for
name a within P. In the rest of the paper we shall use fn(P) to denote the set of names
free in P. We will also write P =, Q to denote the fact that P and Q are equal up-to
renaming of bound names. For instance, a(x).b(x) =, a(y).b(y) and v aba =, v c.bc. Let
P be a process and ¢ a name substitution, we write P o ¢ to mean the process obtained
from P by replacing every free name a with a(a).

Terms that intuitively represent the same process are identified by means of standard
structural congruence =. This relation is defined as the smallest congruence relation over
An processes induced by the laws in Table 1. The structural laws express the fact that |
is commutative and associative and that the empty process can always be safely removed
from or added to a parallel composition. Structural equivalence also states that !P is
equivalent to !P|P, and that if a does not occur in Q, then v a.(P|Q) is equivalent to
va.P|Q. In the rest of the paper, elements in PrROC4, will be considered equal up to
structural equivalence.

We will now introduce a simple An specification for a simple system, which we will use
as a running example in the rest of the paper.

Example 3.1. A proxy is a system such that, given two channels a and b, if appropriate,
it will emit the values read from channel a on channel b.
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Table 1. ProCy, Structural equivalence

Plo="pP P|Q =QIP (P|Q)IR = P|(QIR)
a ¢ fn(Q)
IP =P|!P va.(P|Q) = (va.P)|Q

Table 2. Labelled transition system for An

TP —> P a(b).P > Plc/b] ab > nil
PP atb PSP aénil) P P 0rh o
vb.p 2 pr vaP —svap’ Pl0—> P'|QY
PP 00 b fn(0) G P G P
P|Q—— vb.P'|Q G+G+5P G+ P|!G

PP fu(Q)Nbn(x) = &
Pl PO

A possible An specification for this system is
Proxy; =la(x).7.bx

where process PROXY; models the system as the infinite replication of a process that first
reads a value x from channel a, then performs some internal actions, and, finally, emits x
on channel b.

The operational semantics of An processes is described in Amadio et al. (1998) by
means of the LTS relation (—), which is defined in Table 2, where it is assumed
that — is closed with respect to the structural congruence relation =. This means that

P=0 050 Q=P
P P

As usual, bound and free names are considered, and we have n(4) = f'n(1)Ubn(1) where

fn(t)=@ fn(ab))={a} fn(ab)=fn(a(b)) = {a, b}
bu(t)= & bn@b)) ={b} bn(ab) = bn(a(b)) = .

The transition relation — of Amadio et al. (1998) makes use of labels of the form
A=t |ab|ab)| alb),

and describes behaviours by considering different aspects at the same time. Labels t
and a(b) are used to describe computations of a process: P ——> P’ if P can perform

an internal synchronisation and then behaves like P’; while P 20, P’ if P behaves like

https://doi.org/10.1017/50960129507006585 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129507006585

R. De Nicola and M. Loreti 114

Table 3. M4, : transition relations

P -5 P a(b).P|ac — P[c/b]
PSP P—5P
P|Q — P'|Q va.P —vaP’
@ab oab
) 2 = Plab Plab - » P
a#+b

va.(P || ba) = P | ba

P’ after value b is retrieved from channel a. The same relation is used to describe the
state/spatial configuration of a process: P 2, P’ if P = P’|ab. Moreover, if the value b
is private in P (P = v b.(P'[ab)), P evolves to P’ with a label a(b) denoting the fact that
b is bound in P’ and that b is communicated in some way to the environment, so b is no
longer private in P’.

We shall now see how MLTSs can be used to describe the behaviour of An processes in
such a way that computations, spatial configurations and name revelations are modelled
separately. We will define an MLTS (named M,;) that can be used as a semantic
model for An processes. The set of states in My, will be the set of all An processes.
Since processes during their computations consume and produce values over channels, we
consider our resources to be the set of terms denoting the availability of messages over
channels.

The computation relation will only consider internal actions and synchronisation. For
this reason, the set of transition labels in M4, will contain 7 labels only.

We let M4, be the MLTS defined by

<PROCA7U RESAm LABAm ]NATE) T, e i) L)> (1)
where:
— RESsy, = {abla,b € CH};
— LaBy, = {1};
- NAR = <CH5fn> O>5
— >, e » and < are the transition relations induced by the rules of Table 3, plus

those induced by the closure of the relations under = as defined in Table 1.

The computation relation describes internal computation of a system caused by internal
moves (t.P) or by process synchronisation. The resource relation staes that starting from
a process P, a resource ab can be created leading to process P|ab. Conversely, a resource
ab can be consumed in P = Ql|ab to obtain Q. Finally, a process P reveals a name a, if
this is available over a public channel b. Intuitively, this means that the environment is
able to know the private name.

To show that the M, defined above is indeed an MLTS, we need to prove that N4, is
a named structures for states, resources and transition labels, and that all the transition
relations considered are preserved by name permutation.
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Fig. 1. A portion of the MLTS for Proxy; of Example 3.1

Lemma 3.2. N4, is a naming structure for PROC4,, RES4;, LAB4,; and CH.

Proof. The thesis follows easily by noting that:

— for each process P and substitution o, we have fn(P) is finite, P o ¢ = P and

Sn(P oa)=oa(fn(P));

— for each a € CH, we have fn(a) = {a} and ao g = g(a);

— fn(t)=Pand to0 =1 U]
Lemma 3.3. —, - » and < are preserved by name permutation.
Proof. We prove the claim for —; the proofs for - » and < are similar.

Let ¢ be a permutation, we have to prove that for each P and Q, if P - Q, then
Poo — Qoo.

We proceed by induction on the derivation for P — Q.
Base of induction: We can distinguish two cases:

— P =10

In both the cases, for each permutation o, P o ¢ SAIN Qoo.
Induction hypothesis: For each P and Q, if P SN Q is derivable in i steps, then for each
permutation o, P o ¢ SN Qoo.
Induction step: Let P SN Q be derivable in i + 1 steps. We can distinguish three cases:
— P=P/|R, P -5 Q and Q = Q'|R;
— P=P,P -5 Q and Q' =0;
— P=vaP (6(a)=a), P - Q' and Q =va.Q';
In these cases, we use the induction hypothesis for each permutation ¢ to get P’ oo =
Q' o 6. Thus the thesis follows easily from the fact that for each R and S:
— (SIR)eog =(So0)l(Roa);
— vaSoog=vaSoo (6(a) =a); and
— if R= S, then for each 0, Roog =S oo. ]

In Figure 1, we present a portion of the MLTS describing the behaviour of PrROXY; (see
Example 3.1), where dashed arrows denote resource transitions. Note that only a subset
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of the possible transitions is shown in the figure; because v could be any of the admissible
values and resources could be added at any state.

We now consider the following lemma, which enables us to establish a strong corres-
pondence between the LTS semantics of Amadio et al. (1998) and the MLTS semantics
presented in this paper.

Lemma 3.4. The following assertions hold:

1 PP <=P-5P,
Gl eab

' b
3 P—5 P < 3PP b pr .. -~ P

Proof.
1 P P’ if and only if, either
— P =va(r.01|Q;) and P’ =va.Q{|Q,; or
— P =va(abla(c).0:1Q>) and P’ = v a.(Q:[c/b]|Q>).
But the above holds if and only if P = p.
2 P P if and only if P =ab|P’. Moreover, P = abP’ if and only if P eah» P’
3 P2 prif and only if P = v b.(ab|P’) and b # a. However, this holds if and only if
P P ab|P’ and Gb|P’ ~m P O

4. uKram

Kramm (De Nicola et al. 1998) is a formalism that can be used to model and program
mobile systems. It has been designed to provide programmers with primitives for
handling the physical distribution, scoping and mobility of processes. KLAIM is based on
process algebras but makes use of Linda-like asynchronous communication and models
distribution via multiple shared tuple spaces (Carriero and Gelernter 1989; Gelernter
1985; Gelernter 1989). Tuple spaces and processes are distributed over different localities
and the classical Linda operations are indexed by the location of the tuple space they
operate on.

For simplicity, we shall use a simplified version of KraiM, called uKram (see, for
example, Bettini et al. (2003)). The main differences between Kramm and yuKraiM is that
the former allows high-level communication (processes can be used as tuple fields) while
the latter only permits the remote evaluation of processes. Moreover, the simpler language
does not make any distinction between physical and logical localities, and does not need
allocation environments.

A uKLAIM system, called a net, is a set of nodes, each of which is identified by a locality.
Localities can be seen as the addresses of nodes. We shall use Loc to denote the set of
localities 1,11, .... Every node has a computational component (a set of processes running
in parallel) and a data component (a tuple space). Processes interact with each other
either locally or remotely, by inserting and withdrawing tuples from tuple spaces.

A tuple is a sequence of actual fields. Each actual field can be either a locality (I), a
value v from the (finite) set of basic values Val (not specified here), or a variable x from
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Table 4. uKLAIM syntax

N = NETS P = PROCESSES
0 empty net | nil Empty process
| l::C located component | act.P Action Prefixing
| Ny | Ny net composition | P|P Par. Composition
| vI.N name restriction | P+P Nondet. Choice
| X Recursion Variable
C = P (1 COMPONENTS | recX.p Recursion o
| vI.P Name restriction
act = ACTIONS o
t = f|f,t TUPLES

out(t) @]/ output

| eval(P)@!  migration f p= ol FIELDS

| in(T)@l input
T == F|FT TEMPLATES
F = f|!l]!x Temp. FIELDS

the set of variables Var. Tuples are retrieved from tuple spaces via pattern matching using
templates (T). Templates are sequences of actual and formal fields. The latter are variables
that will get a value when a tuple is retrieved, and are distinguished by a ‘I before the
variable name.

The pattern-matching function match is defined in Table 5. The meaning of the rules
is straightforward: a template matches against a tuple if both have the same number of
fields and the corresponding fields match; two values (localities) match only if they are
identical, while formal fields match any value of the same type. A successful matching
returns a substitution function ¢ associating the variables contained in the formal fields of
the template with the values contained in the corresponding actual fields of the accessed
tuple.

The syntax of uKrLAIM nets is defined in the first part of Table 4. Term 0 denotes the
empty net, that is, the net that does not contain any node. Terms [ :: P (located process)
and [ :: (t) (located tuple) are used to describe basic uKLAIM nodes: the former states that
process P is running at [, and the latter that the tuple space located at [ contains tuple
(t). uKLAIM nets are obtained by parallel composition (]|) of located processes and tuples.
Finally, v [.N states that [ is a private name within N.

The following term denotes a net consisting of two nodes, named /; and .

Pyl i Pyl i (Q11Q2) L wx () || L 2z ()

Processes P; and P, are running at [; while Q; and Q, are running at l,. The tuple
space located at I contains tuples (t;) and (t,), while that located at [; is empty

The syntax of uKrLAIM processes is defined in the second part of Table 4, where: nil
stands for the process that cannot perform any actions; P;|P, stands for the parallel
composition of Py and P,; and act.P stands for the process that executes action act then
behaves like P. Possible actions are out(t)@/[, in(T)@[ and eval(P)@I.

Action out(t)@! adds t to the tuple space located at [. Action eval(P)@! spawns a
process P at locality . Action in(T)@I is used to retrieve tuples from tuple spaces. Unlike
out, this is a blocking operation: the computation is blocked until a tuple matching
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Table 5. Matching rules

(My) match(l,1) =[] (Ms) match(!ly, L) = [l]

match(F,l) = a1 match(T,t) = o,

match( (F,T), (I,t) ) =010,

Table 6. Structural congruence

Ni | Ny=N, | Ny (N1 [l N2) | N3 = Ny || (N2 || N3)

[::C=1:C|!:nil l::recX.P=1: PlrecX.P/X]
I ¢ fn(N>)

lZZ(Pl‘PQ)ElZZPI Hl::Pz Vl.(Nl H NQ)E(VlNl) ” N2

Ny | 0= N; vi0=0

N1 =y Nz 127&11

N1 ENZ ll IIVIQ.P Evlz.ll =P

template T is found in the tuple space located at [. When such a tuple ¢ is found, it is
removed from the tuple space and the continuation process is closed with substitution
o = match(T,t), which replaces the formals in T with the corresponding values in t. For
instance, if T = (lu,4) and et = (I, 4), then match(T,t) = [I/u]. For this reason, in(T)@I.P
acts as a binder for variables in the formal fields of T. Finally, v [.P declares a new name
[ that will be used in P, so vI.N and v [.P act as binders for [ in N and P, respectively.

In the rest of the paper, we will use I to denote a finite sequence of names. Moreover, if
I=1,...,1, we will write vI.N for vIy....v[,.N, and use {7} to denote the set {Iy,...,1,}.
We will use fn(y), where y is a generic syntactic term, to denote the set of free names in
y. Finally, we will write P; =, P, whenever Py is equal to P, up to renaming of bound
names and variables.

In the rest of this section we will use the structural congruence = to identify terms that,
intuitively, represent the same net. It is defined as the smallest congruence relation over
nets that satisfies the laws in Table 6. The structural laws express the following facts:

— || is commutative and associative;

— o-equivalent processes give rise to equivalent nodes;

— the null process and the empty net can always be safely removed/added;

— a process identifier can be replaced by the body of its definition; and

— it is always possible to transform a parallel of co-located processes into a parallel over
nodes.

Note that the commutativity and associativity of ‘|’ is derived from the commutativity
and associativity of ‘|’ and from the fact that [ :: (P|Q)=1[::P | :: Q.
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Table 7. A simple uKLAIM system

Printer :: recX.in(!from)@Printer.
(X|out(from)@PrintServer.nil

PrintServer :: (PrintSlot)
| (PrintSlot)
| recX.in(Print, |from)@PrintServer.
(X |out(from)@Printer.
in(from)@PrintServer.
out(PrintOk)@from.
out(PrintSlot)@PrintServer.nil)

Example 4.1 (Proxy specification in uKram). The proxy described in Example 3.1 can be
specified in uKLAIM as a system consisting of two locations identified by localities I/, and
Ip. When a tuple (matching !l) is stored in the tuple space located at [,, this is retrieved
and stored in the tuple space located at [,. Two of the possible uKLAIM implementations
of such a system are:

KPrROXY; = [, :: recX.in(!)@l,.out(l)@[,.X | I :: nil (2)
KPROXY; = [, :: recX.in(!)@[,.eval(out(l)@I,.nil)@[,.X | I, :: nil (3)

In xPrOXY{, located at [,, there is a process that waits for a tuple ¢ matching !/ and
then stores t at [,. In KPROXY>, the process located at [, withdraws a tuple matching !l
and then spawns at [, a process that adds the retrieved tuples locally.

Example 4.2 (A print server). In Table 7 we show how puKrLAIM can be used to model
a simple print server with two uKLAIM nodes: PrintServer and Printer. Located at
PrintServer there is a process that waits for a print request. Each such request contains
the locality from which it has been sent. When a request appears in the tuple space at
PrintServer, the process sends the document to the printer (out(from)@ Printer), waits
for the printing signal (in(from)@PrintServer) and sends an ack (out(PrintOk)@from) to
the client. To send a print request, a print client has to retrieve a PrintSlot from the tuple
space located at PrintServer, where two PrintSlots are available.

We now present the operational semantics of uKLAIM nets in terms of MLTSs. We will
define an MLTS M,k by singling out a set of states describing the configurations that
uK1LAIM nets can reach; a set of labels describing the actions nets can perform to interact
with the environment; and a set of resources used/produced by uKLAIM nets in their
computation. We will then define the three transition relations that describe: the actions
a net can perform; how a net reacts when resources are created or consumed; and when
a net reveals private names. The MLTS-based semantics proposed here is just a different
presentation of the one, based on LTS, proposed in De Nicola and Loreti (2005). Indeed,
it is easy to establish a correspondence between the transition relations of De Nicola and
Loreti (2005) and those proposed here.
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Table 8. Mk : computation relation

o = match(T,t)

Ity Iy :t<ly

L out(t)@hP ——— 1y =P | L = (t) L in(T)@LP —— I, :: P{o}

11:0»1
Iy ::eval(Q)@L,.P erh Iy 2P| L :Q
N1 Iy zetr>1y N{ N1 Iy t<ly Ni
Ni|L:C-N||L:C Ny | L (1) = N

11:0%1
N, — Nj

Nillb:C -5 Ny || b::C

NNy, =01 Ny~ N,
~ A is relevant -
vIN, — vIL.N, N |N— N |IN

The set of states in M,k coincides with the set NET of uKLAIM nets. Transition labels
have a complex structure and contain information about the actions performed by located
processes. Moreover, the set of resources RES,x will contain locality names and tuples
with an indication of their location.

Let M,k be the MLTS defined by

(NET, RES, ik, LABk, N, x, —>, oo -, )
where:

— REs,k is the set of resources r defined by the syntax

ro=1|{)@l.
— LAB,k is the set of transition labels / defined using the grammar
A o= ‘L'|ll t>h | I :t< by | I :Pw» .

— Ny = (Loc, fn, o).
— =, e » and < are the transition relations, closed with respect to =, induced by
the rules of Table 8 and Table 9.

Resource (t)@/ indicates the presence of tuple ¢ in the tuple space located at [, and [
indicates that location [ does indeed exist.

Label t denotes silent transitions while [y : t> 15, I; : t <1l and [; : P » [, denote,
respectively, the fact that a process located at [;:

— inserts tuple ¢ in the tuple space located at I,;
— withdraws tuple t from the tuple space located at I;
— spawns process P to be evaluated at .

The computation relation (—) respects the intuitive meaning of uKrLAIM operations. A
net Ny reduces to N with label [; : t > [, if there is a process located at /; that performs
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Table 9. M,k : resource relation and revelation relation

o(n@l . ol
Lo () e » [ il [C ww [ = C
or , or
Nl ....... > ]\]1 | ¢ r ]\]1 ....... > N;
VIN; e vIN] Ni | Ny =5 N || N,
e(n@l ol .
J = Ny || (p) Ny oo = Ny || 1 ::nil
I 7& L Let

VILN | s {e) S0 N 2 ()

out(t)@l,. The same net N; evolves with a T when it is composed in parallel with node I,.
Similar considerations apply for input and eval.

The rule for restriction (v I.Ny) relies on name hiding: if 1 is a transition label, 4/]
denotes the transition label obtained from A by hiding location [, namely by replacing [
with a special distinct locality * denoting the unknown location.

Definition 4.3.
1 Let * be a special distinct name in Loc. We let

N ifly =10
W/l = {l1 otherwise.

2 2/l is defined inductively as follows:
—1/l=1
— (e b)/I=(Ii/1) = (e[*/1]) > (L /1)
— (hze<al)/l= /1) @x/1) < (/1)
— (L =P Db)/l=(l;/1) - P[*/1] » (I2/1).
A transition label is relevant if it is t© or it takes effect on a visible/public location.
Formally, we have the following definition.
Definition 4.4. A transition 4 is relevant if and only if:
— A=r1;o0r

— Aisly it b,y :t<lorly : Pw»lyand I # *.

If Ny reduces with A to Ni, and /I is relevant, v [.Ny reduces with 1/! to v [.N].

The resource relation (---») is as expected. If in Ny a tuple space located at [ contains
tuple ¢, then Ny evolves with ©(¢) @I by removing such a tuple. Conversely, Ny evolves with
®(t) @I by adding tuple ¢ to the tuple space located at I. Reductions concerning ©! and @I

o . ! . I .
are similar. If Ny contains a node named [, then N; LN Ny, while N; LN Ny || I ::nil.
Note that in the case of &l nothing is removed from Nj: resource [ is used without being
consumed.
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Finally, a net N; reveals a private name [ if there exists a tuple ¢ containing / located
in a public tuple space, that is, a tuple space located at a non-private node.

As with the An, we now have to prove that IN,x is a naming structure for NET, RES,k,
LaB,k and Loc, and that —, - » and < are preserved by name (locality) permutation.

Lemma 4.5. N,k is a naming structure for NET, LaB,x, REs,x and Loc.
Lemma 4.6. —, - » and — are preserved by name (locality) permutation.

The proofs for the lemmas above follow along the same lines as the proofs of Lemmas 3.2
and 3.3.

5. MoMo: a modal logic for mobility

In this section, we present MoMo logic, which is a modal logic that enables us to
specify properties of MLTSs. With MoMo we lay the basis for defining a common logical
framework for specifying properties of mobile calculi whose semantics is given in terms of
an MLTS. A variant of MoMo that was specifically designed for specifying and verifying
properties of KrLAIM systems was introduced in De Nicola and Loreti (2005).

MoMo contains four groups of logical operators:

— The kernel fragment contains standard first-order logic operators and recursive formulae
that enable us to describe recursive properties.
The remaining fragments rely on the three transition relations contained in an MLTS.

— State formulae are used to assert properties concerning the allocation of resources in
a system; their interpretation function will be defined in terms of the relation - >.

— Temporal formulae, which are interpreted by considering the computation relation —,
describe the action a system can perform to interact with the environment. These are
parametrised with respect to a set A of label predicates that will be instantiated for
the different calculi.

— The properties of names, such as freshness or revelation, are specified using nominal
formulae, whose semantics are given using the relation <.

In the rest of this section we describe and motivate each fragment of the logic separately,
and discuss formulae satisfaction. Models for MoMo formulae are pairs of the form
(M, A) where M is an MLTS and A is a function that maps label predicates to sets of
transition labels belonging to M¥. The formal syntax and semantics of MoMo will be
defined in Section 5.5.

5.1. Kernel fragment

This fragment of the logics is standard. The propositional part of this fragment contains
True (T), Conjunction (¢p1 N\ ¢») and Negation (—¢). The interpretation of this part of the
logic is as expected. Every state satisfies True, a state satisfies ¢1 A ¢ if and only if both
¢1 and ¢, are satisfied, and —¢ is satisfied by each state that does not satisfy ¢.

The kernel fragment also contains formulae for specifying recursive properties: maximal
fixed point and logical variables. Intuitively, a state s satisfies vic.¢ if s satisfies ¢p[vi.¢/x].
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Formally, the interpretation of vk.¢ is defined as the maximal fixed point of the
interpretation of ¢.

If M[] is the interpretation function of the proposed logic (which is formally defined
later), the set of nets satisfying vk.¢ is defined as the maximal fixed point of the function
Fy 0 2M°% 5 2M® defined as follows:

75(8) < Mgl S)
where M [[¢] [k — &S] identifies the set of states satisfying ¢ when it is assumed that each
state in S satisfies «.

To guarantee well-definedness of the interpretation function, it is assumed that in every
formula vk.¢, the logical variable k is positive within ¢ (that is, it appears within the
scope of an even number of negations). This enables us to define M[-] as the composition
of monotonic functions in 2M° — 2M°: since 2M° is a complete lattice, Tarski’s Fixed
Point Theorem guarantees the existence of a unique maximal fixed point for M[[¢].

5.2. State properties

This fragment of the logic is intended to be used for describing properties concerning the
availability of resources and a system’s reactions to the placement of new resources in a
state.

Typical properties one could specify using this fragment of the logic are:

“Two instances of resource p are available.’ (1)

‘Eventually after the insertion of resource pi, resource p, will be available.’ *)

An analysis of the resources present in a given state can be described by means of the
consumption operator p — ¢. Intuitively, a state s satisfies p — ¢ if resource p is available
at s and, once it is removed, formula ¢ is satisfied.

By using the consumption operator, property (1) above would be rendered as

p—p—T.

Production properties are used to state properties depending on the availability of new
resources. These properties are specified by using the production operator p « ¢, which
is satisfied by every state that satisfies ¢ after a resource p is produced. Hence, a state s

. . . ®p .
satisfies p « ¢ if there exists s such that sy - » sp and s satisfies ¢.
Property (}) can be formalised in MoMo as

p1 < Eventually(p, — T)

where Eventually(¢) is a derivable operator, which we use as a macro in MoMo, asserting
that sooner or later a state satisfying ¢ will be reached.

Note that the production operator is reminiscent of the separating implication of
Separation Logic (Reynolds 2002). This operator allows one to describe the properties of
shared memories extended with a set of values satisfying a given specification.
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5.3. Temporal properties

Temporal properties are specified using diamond operator (-)¢. This is a variant of the
HML diamond operator that, instead of being indexed by a set of transition labels, is
indexed by a label predicate o from a given set of label predicates A. The interpretation
of modal operator (-)¢ relies on function A that, for each label predicate o, yields the set
of transition labels satisfying .

Formally, a state s; satisfies ()¢ if and only if there exist s, and / such that 1 € A(x),

2 .
sy — s and s; satisfies ¢.

5.4. Nominal properties

In this section we introduce operators for dealing with name properties. They will enable
us to describe properties of the form ‘there exists a name that is used in a specific way’
or ‘a private name is used accordingly to a given protocol’. Below, we shall consider four
different operators: quantification ; revelation ; name freshness and name matching.

Name quantification (3n.¢p) enables us to quantify properties with respect to names — a
state s satisfies 3n.¢ if there exists n’ such that s satisfies ¢[n’/n].

Name revelation (n ® ¢) is used to describe properties concerning the disclosure of
private names. A state satisfies n ® ¢ if n can be uncovered (revealed) before reaching
a state satisfying ¢. A state s; reveals n if there exists s, such that s; <" s,. Hence, s1
satisfies n ® ¢ if and only if there exists s, such that s; <" s, and s, satisfies ¢.

Name Freshness (|/In¢) acts as a quantifier over all names that do not occur free either
in the formula ¢ or in the state. It is an adaptation of the Gabbay—Pitts quantifier |/|l¢
(Gabbay and Pitts 1999). The fresh name quantifier, when used with state formulae (and,
in particular, with the production operator), enables us to assert properties related to the
creation of new resources.

Given the MLTS M, where MN = (\/,5,0), a state s € M satisfies |/|n¢ if and only
if there exists n’ that is not in #(s) and does not appear in ¢ such that ¢[n'/n] is satisfied
by s.

Name matching ({n; = n,}) enables us to verify whether two names are equal. Namely,
a state satisfies {n; = n,} if ny and ny refer to the same name.

5.5. Syntax and Semantics of MoMo

The actual syntax of MoMo is summarised in Table 10 and its interpretation function is
formally defined in Table 11.

MoMo formulae are interpreted with respect to a pair (M, A), where M is an MLTS
and A is a function that maps label predicates to sets of transition labels. Formulae
interpretation function (M[[*#)) is parametrised with respect to such a pair. We will
omit explicit reference to (M, A) whenever it is clear from the context.

Formulae are interpeted under a function, called the logical environment and denoted
by ¢, that associates to each logical variable a set of states. We use ¢y to denote the logical
environment such that, for each logical variable k, ¢y(x) = .
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Table 10. The syntax of formulae

¢=
T
| ¢N
| —¢
| vK.¢
| K
lp—¢
| p—¢
| ()2
| dn.¢g
| {m =m}
| n® ¢
| ng

FORMULAE

true

conjunction
negation

maximal fixed point
logical variable
consumption
production

diamond

name quantification
name matching
revelation

fresh name quantification

Table 11. The interpretation of formulae

Kernel Fragment

1M<M B[T]e =

)
>[[ﬂ¢]1s =S — MM g];
JM<M 21 A glle = MM [y Jo n MM [, ]e
)
)

MMA [ve.¢lle =vF
MMB) [ ]le = &(x)
where:

Fx)=M

MBI PTe - [k — X}

State Formulae

S
MMA) [p — ¢lle = {si]s w52 and s, € MMA) [$]e}

®,
MMB [ plle = {s1]s; > 55 and 5, € MMA) [p]e}

Temporal Formulae

MMB) (o) p]le = {S1|332 e MMB) [g]les) > 55, 7€ A(a»}

Nominal Properties
MMA [3n.¢]e = Uyepy MM [0 /n]]e
MM ® ¢le = {5135, € MM [gles; " s }

MMA [ Anplle = {530

¢ /n(¢)Un(s) and s € MMA G /n]]e}

125

The interpretation function M[[[*™#) takes a formula ¢ and a logical environment &
and yields the set of states in M satisfying ¢, that is, the set of state that are models of ¢.
We shall use IL 4 to denote the set of MoMo formulae that use label predicates belonging

to A.

The following lemma guarantees that names can be consistently replaced in nets and
formulae while preserving the satisfaction relation.
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Table 12. Derivable operators

e & —vkmplow/k]  diV s E (s A )
def

p=¢ L —p ¢ 0] ¢ & ~(2) ¢

g & ~an-¢ (n # no} € ~fny = ny)

Lemma 5.1. Let M be an MLTS, and MN = (A, 5, o), for every state s € M5, formula
¢ and names n; and n, in N, we have s € MMA) [¢]e if and only if so {ny/n;} €
MMB [ [ny /]

Proof. The proof follows easily by induction on the structure of the syntax of formulae
thanks to the fact that all the transition relations in M are preserved under name
permutations. U

In the rest of this paper we will use M2 [4]] to denote MM-2 [¢]eg, and s =(aq0) ¢
will be used to indicate that s € MM [¢].

In Table 12 we present a set of fairly standard derivable operators, which we will use
as macros of the logic in the examples in the rest of the paper.

6. MoMo dialects for the analysis of mobile and distributed systems

In this section we present two different dialects of MoMo that eanble us to specify and
verify properties of mobile and distributed systems specified using An and uKram. To
define each of these dialects we will single out a set of label predicates (A) and an
interpretation function (A) that identifies the set of transition labels satisfying a given
label predicate.

6.1. MoMoy;,

Since we have only considered a single transition label (7) in M 4,, we will just consider
a single label predicate ,/. Moreover, we shall use the trivial interpretation function

Ay [[\/]] = {T}
MoMoy, syntax can be summarised as follows (propositional and recursive formulae
are omitted):

¢ i=...lab—>dlab—¢ | ()¢ |3ag|a® ¢ | |lag.

The interpretation of these formulae, which is obtained by considering M4, as a model
in the definition of Table 11, can be described informally as follows:

— P =My, a,,) b — ¢ if and only if P =ab|Q and Q B (Mot g o;
— P =y, @b « ¢ if and only if Plab =i, a,. 6;

( )

( )
— P Emunn) (\/>¢ if and only if P — Q and Q Fia,,.a,,) ¢
— P E(m,,.a,,) Ja.¢ if and only if there exists b € fn(P) such that P =, a,,) ¢[b/al;
( )

— P Eim,n,, a ® ¢ if and only if P = v a.(Q|ba) (a # b) and Qlba =, a,.) D:
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— P Emyny) Vag if and only if there exists b ¢ fn(P) and b ¢ fn(¢) such that
P = (Mayse) 910/ al.
We will now show how the proposed logic can be used to specify properties of the

system described in Example 3.1. For this system, we may be interested in guaranteeing
the following properties:

PrOP1  Every message sent over channel a will eventually be emitted over channel b.
PrROP2 The order of messages is preserved by the proxy.

The first property can be rephrased as if we let ¢ be a new name, then if ¢ is made
available over channel a (by creating resource dc), then sooner or later resource bc can be
consumed. In the logic, this can be formalised as

b1 & icac — Evn(be — true) 4)

where

Evn(¢) ¥ vic.p v ( [J] A ()true).
It easy to prove that PrROXY; satisfies (4).
Property PROP2 can be rephrased as if we let ¢ and d be two names, then it is not the
case that if d is sent over a after c, then c is emitted over b after d. This property can be
rendered in MoMoy,, as follows:

¢1 £ —ac — (/)ac = false Aad — ¢ (5)
where
b> & yiche = false A (bd — trueV)(,/)x.
Now we have that process PrROXy; does not satisfy formula (5), because there is no
synchronisation between two different instances of the replicated process.
Both PROP1 and PROP2 would be satisfied by a different implementation of the An
proxy:
def = i
PROXY> = v c.(a(x).7.(bx|e(c)))|(e(y).a(x).1.(bx[E(y)))
where a new istance of the replicated process can start only when the previous one is
terminated. This behaviour is guaranteed by the synchronisation over the private name c.

6.2. MOMo,

Let A,k be the set of label predicates « defined as follows:

— /> identifying t labels;

— Iy : t<ly, identifying the execution of an input;

— I; : t>1,, corresponding to an output action;

— [; : ¢» D, characterising the remote evaluation of a process.

The interpretation of \/, Iy :t<ly and [ : t>>1, is trivial: they are satisfied by 7, [} 1t <1l
and [y : t> 1, respectively. The interpretation of I; : ¢» I, is more complicated. Intuitively,
a transition label 4 satisfies I} : ¢plh if A =1 : Pw» [, and I, :: P satisfies ¢. Hence,
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to define A,k (the interpretation of 4,x), we need a mutual recursion because we make
use of MMuk-Au) when defining A, k. Indeed, the interpretation function of A,k is the
greatest lower bound of a chain of interpretation functions that depends on the depth of
temporal formulae.

Definition 6.1. Let depth(¢p) and depth(e) be defined inductively as follows:
— depth(T) = depth(k) = depth({n; = ny}) =0
— depth(—¢) = depth(vk.)) = depth(p — ¢) = depth(p < ¢) = depth(In.¢p) =
depth(n ®) d>) depth(l/Ing) = depth(¢)
— depth({o)¢) = max{depth(c), depth(¢)}
— depth(¢1 N ¢p2) = max{depth(¢,), depth(¢2)}
( 1+ depth(¢p) ifoa=1 :¢»l

— depth(o) = {0 otherwise.

Definition 6.2. Let Afl«] = ;cn Al [2] where for all i > 0:
— AILK [[\/]] {‘E},
— AZLK ML t<ab]l = {l st < b}
A;LK [[ll : tEl2:[| = {ll t> lz},
— Akl - p»b] = {l : P» bll, :: P € NET};

¢b] = {{ll P blb i P e M¥[¢lleg} if depth(¢) < i

o
ApK I - {h :Pw» | :: P € NET} otherwise.

To guarantee the well-definedness of A, we have to prove, for each «, that {ALK Lol }ien is
a chain in the complete lattice 2LABu Namely, that for each i, we have Aij,'(l [l = ALK [e-

Lemma 6.3. The following assertions hold:

— For each o and for each i and j such that depth(x) < i and depth(x) < j, we have
Al u ol = ALK [od
— For each ¢ and for each i and j such that depth(¢) < i and depth(¢) < j, we have
M [¢] = M* [¢] .
Proof. The proof is by induction on depth(e) and depth(¢).
Base of induction: It is easy to prove that if depth(o) = 0, then for each i and j
Ay o] = Ay [o] .
Similarly, if depth(¢) = 0, then ¢ does not contain label predicates of the form
l; - yw»ly. Hence,
M*[¢] = M* [¢].
Induction hypothesis: We assume that:
— For each o, with depth(z) < k, and for each i and j such that depth(o) < i and
depth(x) < j, we have
Ay [o] = A o]
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— For each ¢ with depth(¢) < k, and for each i and j such that depth(¢) < i and
depth(¢) < j, we have

M*[¢] = M* [¢].
Induction step: Let o be such that depth(o) = k 4+ 1. Hence, « = [} : w»I, for some Iy, I,
and 1y such that depth(yp) = k. For each i > k + 1, we have
Al o] = {11 P wblh P e MA [[w]]} = (4).
By the induction hypothesis, we have that for each j >k + 1,
(4) = {11 Pw bl P e M~ [[w]]} — Ay [

Similarly, let ¢ be such that depth(¢) = k + 1. Without lost of generality we let
¢ = {a)yp with depth(oe) = k + 1 and depth(yp) < k. Let i = k + 1. We have

M2 [yl = {NJ3LN' N > N',j e Al o], and N' € M2 [y]} .
Using the induction hypothesis for each j > k, we have M2 vl = M# [w]. Moreover,

we have shown that, if depth(a) = k + 1, then for each j > k + 1 ALK [l = ALK o]
Thus, M2 [(a)y]] = M2 [(a)y]], and the statement follows. O

Lemma 6.4. For each i > 0 and for each o, we have AL}I [o]l = Al [o].

Proof. We can distinguish three cases:
— If depth(a) < i, then for each i and j, Aij,'(l [l = ALK [l (Lemma 6.3).
— If depth(o) =i+ 1, then a = [; : ¢p»I, for some [, I, and ¢ such that depth(¢p) =i. We
have:

Aol ={l :Pw» bl Pe M2 [$lleo} < {I; : P » L|l, :: P € NET) = Al o]
— If depth(o) > i+ 1, then we have
A;}(l[[oc]] = A,IUK [[O(]] = {l] :P» lz|l2 wPe NET}. ]

The state fragment of MOMo,x (r — ¢ and r < ¢) relates formulae satisfaction to the
creation or consumption of resources and enables us to describe the spatial properties of a
system. On the other hand, the temporal fragment ({o)¢) enables us to describe properties
concerning interaction protocols among system components and to control properties of
agents migrating over the net.

We can use MoMoyk to specify properties of the proxy specifications in uKLAIM
presented in Example 4.1. As with the Az specification, we are interested in guaranteeing
the following properties:

PrROP1  Every message sent over channel a will eventually be emitted over channel b.
PrROP2 The order of messages is preserved by the proxy.

These can be rendered in MoMo,k using the following formulae:

(@I, « Evn({1)@I, — true) (6)
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where

Evn(¢) € vie.p V ([ /] 1 A {/)true)

()@l « ((){l) @I, = false A (b) @I, < ¢» (7)

where

¢ £ vic (1) @1, = false A ()@, — trueV){ .

It easy to prove that KPROXY; (see specification (2) in Section 4) satisfies both (6) and
(7) while KPrROXY; (see specification (3) in Section 4) satisfies only (6).

Note that the formalisation of properties PRorP1 and Propr2 in MoMo,k (6 and 7) and
MoMoy, (4 and 5) coincide apart from the resource specification. Indeed, while in the
Ar specification a resource is a channel with a value (ac), in uKLAIM it is a located tuple
({(t)@I). We thus have that the properties of a generic proxy can be described in MoMo
while ignoring specific system implementations.

MoMo,k can also be used for specifying and verifying properties of Example 4.2. For
instance, a possible property to establish is that the print server handles all requests. In
other words, one could require that if a client retrieves a print slot and sends a document
for printing, then sooner or later the document will be printed and the client will be
notified. This property can be specified by the following formula:

o ¥ (PrintSlot)@PrintServer — (
[ « (2

(I, "test”)@PrintServer < (

Evn(PrintOk@l — T) (

This can be read as:

1 Let (PrintSlot) be a tuple available at PrintServer,
and let [ be the locality of a print client,

if (I, test’) is inserted at PrintServer,

then eventually tuple (PrintOK) will be at .

W

7. Logical and behavioural equivalences

In the previous section we showed how dialects of MoMo logics can be used for specifying
and verifying properties of mobile and distributed applications specified using calculi like
Arn and uKram.

An alternative method for proving properties of process calculi is the one based on be-
havioural equivalences that requires us to provide a concrete and an abstract specification
of the behaviour of a given system and then establish that they are ‘indistinguishable’
under appropriate assumptions. Equivalences also turn out to be important because they
would enable us to determine when parts of a system can be replaced without changing the
behaviour of the whole specification. If one considers the proxy specified in Example 3.1,
one could imagine that the 7 action, which is performed after a message is retrieved
over channel a, models an internal behaviour and the system could be refined with an
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alternative implementation:
Proxys =!v c.a(x).ex|c(y).by.

Obviously, formulae satisfaction also induces an equivalence on the interpretation model
and two system descriptions are equivalent if (and only if) they satisfy the same set of
formulae. A classical result relating modal logic and behavioural equivalence was given
in Hennessy and Milner (1985) and shows that the equivalence induced by a very simple
modal logic coincides with the so-called bisimulation equivalence.

Correspondence results between differently characterised relations are important in
many ways. They help us to gain confidence in the proposed formalisation, enable us to
use minimised models when checking formulae satisfaction and help us in studying the
properties of the more convenient variant of the equivalent specification.

In this section we shall provide a behavioural characterisation of the logical equivalence
induced by MoMo on an MLTS, and show that it coincides with a natural adaptation of
the bisimulation relations built on the three transition relations of our model.

The proposed behavioural equivalence is defined over the states of an MLTS. We first
define three relations that characterise the bisimulations over the three relations associated
with each MLTS.

Definition 7.1. Let M be an MLTS.

1 A relation Z = MS x MS is a resource preserving bisimulation if and only if Z is

symmetric and for each (s;,s;) € Z and r € M”, we have:
er

@r
— If s; ~» s}, then there exists s such that s, > s} and (s}, ;) € Z.

or or
— If sy -» s}, then there exists s, such that s, --> 55 and (s}, s,) € Z.

We use ~% to denote the largest resource preserving bisimulation.
2 A relation Z = MS x M is a revelation bisimulation if and only if % is symmetric
and for each (s, s:) € Z and n € MV, we have:

— If 5; =" s}, then there exists s5 such that s, =" s, and (s},s)) € Z.

We use ~r to denote the largest revelation bisimulation.

3 A relation # = M® x MS is an o -parameterised bisimulation whenever &/ <
MFE x M~ if and only if Z is symmetric and for each (s1,s,) € Z and A; € M*, we
have:

Y . 2

— If 51 = s}, then there exist 1, and §, such that s, LI 85, (A1,42) € &7 and
(s),85) € #;

We use ~f to denote the largest .o/-parameterised bisimulation.

The required bisimulation for an MLTS is obtained as the intersection of the three
relations we have just introduced.

Definition 7.2. Let M be an MLTS and & = M* x M¥*. We define ~7 =~z N~y N ~Z.

Let M be an MLTS and .7 be a subset of M* x M¥*. We will now show how ~% can
characterise the behavioural equivalence induced by formulae satisfaction IL 4. We will
first introduce the following technical lemma.
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Lemma 7.3. If o < %, then for each s; and sy, 51 ~7 53 = 51 ~2 s55.

Proof. We prove that if o] < o, then ~¥ is an ah-parameterised bisimulation.

. Al . ).z n
Let sy ~ s,. Then, if s; — s, there exists A, and s, such that s, — ), (11, 42) €
and s} ~7 . Since @ < a5, we have (11,42) € @A and ~7 is an oh-parameterised
bisimulation and ~“1 <~ O

We now show that for each s; and s,, if s; ~7 s,, then s; and s, satisfy the same set of
formulae in IL 4, under the assumption that relation &7 is respectful of interpretation A,
where ‘respectful of” is defined as follows.

Definition 7.4. Let &/ = MZ x M, A be a set of label predicates and A : A — 2M° be
the interpretation function. We say that

— o is respectful of A if and only if Vo € A,
(M,42) € o if and only if 1; € Afloa]] < 4, € All«].
Theorem 7.5. Let M be an MLTS, A be a set of label predicates, A : A — 2M* be the
interpretation function, and & = M* x M¥ be respectful of A. Then
st~ sy =V € Lasi Eopva ¢ iff 2 =m) ¢

Proof. We prove the result for the recursion-free fragment of the logic, denoted by IL7;.
Indeed, it is easy to prove that

Vo € ILasi Fomn) ¢ <= 52 Fma) @
if and only if
Vo € L 51 Fma) ¢ <= 52 Fma) -
Let:

— ZL = {(s1,9)VP € Lis1 Ema) ¢ < 52 Eova) s
— size(¢) be defined inductively as follows:

— size(T)=0

size(¢p1 A ¢2) = 1 + max{size(p1), size(da)}
— size(—¢) = 1 + size(¢)

— size(p = ¢) =1 + size(¢p)

— size(p « ¢) =1 + size(¢)

— size({a)p) = 1 + size(¢h)

— size(In.¢) = 1 4+ size(¢p)

— size({ng =m})=0

— size(n ® ¢) = 1+ size(¢)

— size(|[/|nd) = 1 + size(¢).
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We will prove by induction on size(¢) that for each ¢ € IL7, if s ~7 s, then
S1 '=(M,A) (Z) if and Ol’lly if 5 }=<M,A) (;3

Base of induction: We have to prove that for each ¢ such that size(¢) = 0, if s; ~7 s,,
then s; =(a.a) ¢ if and only if 55 F=(aqa) ¢. We can distinguish two cases:

—¢=T;
— ¢ ={m =m}.

In both cases the statement follows trivially.

Induction hypothesis: We assume that for each ¢ such that size(¢) < n, if s; ~7 s,, then
S1 ):<M,A) d) if and Ol‘lly if S2 ':<M,A> (f)

Induction step: Let ¢ be such that size(¢) = n + 1. We prove that if s; ~7 s,, then
st Emay ¢ if and only if s; FEaqp) ¢ We can distinguish the following cases
according to the syntax of ¢:

— =1 N2:

St Eomp)y 91 A Q2 = 51 Eoma) @1 and s; Eaa) 2
< 5 FEma) @1 and 52 FEoava) 2
for the induction hypothesis

< 5 Ema) 1A G

— d=p—¢:

op
/ /
St Ema) p— ¢ < 3s|sp e st and S| Eova) ¢
< 7 ...(.9..‘?. ! and s ~“ §.
55.82 s, and s s)
“ is a resource preserving bisimulation

< S FEva) ¢

since ~

for the induction hypothesis
< s EmMa) PP

— ¢=p<¢:

®p
. ’
St Emp) p— ¢ < Tsisp e sy and S| Evn) ¢
®p
/ ! o
....... > 5 and sp ~7 s
since ~“ is a resource preserving bisimulation

< 5 Ema) ¢

LI
j°e]
o
%]
[’S]

for the induction hypothesis
< 2 FEmam p— .
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— ¢ =(0)¢:
st oy (06 < 3sps — 5, € All]
and s} Eva) ¢
< 3,850 —> Sy Jy € A4]
o

and | ~7 s
since ~“ is an «/-parametrised bisimulation and 7 is respectful of A
< sy Eva) ¢
for the induction hypothesis

= 5 Fma) (0.
— ¢ =3dn.¢:

S1 ':<./\/I,A> E|I’l¢ E ):U\/l,#\) ¢[n’/n] for some ' € MN
= 83 Fma) ¢[n'/n] for the induction hypothesis

= 5 ):(M,A) Eln.¢>.
—¢=n®¢:

st Evmay n ® ¢ < sy " spand 5 Ea) ¢
< 55 o) and s) ~7 ¢

)
since 5] ~7 s, is a revelation bisimulation

< 5 Eoma) @ for the induction hypothesis
< S FEMan® Q.

— ¢ =Ving:

st By Ving < st Eoua) ¢n'/n] - for some n' ¢ ns(s1)
< 51 Ema) @[n"/n] for some n” & ns(si) supns(s2)
and n” not occurring in ¢ (see Lemma 5.1)

< 5 FE(ma) ¢[n”/n] for the induction hypothesis
< 5 Ema Vng.

— ¢ =9:

St By ¢ <= st FEama) @
< 5 FEma) ¢ for the induction hypothesis

< 5 Ema) P N
Let Z1. < M® x M? be the symmetric relation defined by

ZL = {(51,52)|[V € ILy.s1 Emm) ¢ <= 52 Eomm) ) -

We want to prove that %y is a subset of ~%.
First, we have to guarantee that M is tractable, namely that for each state in M5, only
a finite set of next states has to be considered.
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Definition 7.6. An MLTS M is image-finite with respect to the interpretation function
A A— 2M°if and only if for each state s;, resource r, name n and label predicate o,
the following sets are finite:

©
— {52|Sl ....... > 52}
— {so]s1 =" 82}

— {52134 € A5 N 2} .

Moreover, we also need A and &7 to discriminate between the different transitions
performed at each state.

Definition 7.7. Let M be an MLTS, & = M* x M*, A be a set of label predicates
and A : A — 2M° be the interpretation function. We say that </ and A are transition
respectful in M if and only if for each s € M and /. € M¥* there exists « in A such that:

— e A4

— for each A’ such that s '—>,
(L) ¢ o <2 ¢ Ao

V. . i
where s — if there exists s’ such that s — .

The following theorem enables us to guarantee that if s; and s, satisfy the same set of
formulae, then s; is behaviourally equivalent to s;.

Theorem 7.8. Let M be an MLTS, A be a set of label predicates, A : A — 2M* be the
interpretation function and &7 = M¥* x M¥ such that:

1 « is respectful of A in M;
2 o and A are transition respectful in M,
3 M is image-finite with A and A.

Then,
st ~7 sy =Vp € Lasi Epa ¢ iff 2 =a ¢

Proof. We will prove that %y is a resource preserving bisimulation, a revelation
bisimulation and an «/-parameterised bisimulation.

Since ~%, ~x and ~f are the the largest resource preserving bisimulations, revelation
bisimulations and ./-parameterised bisimulations, respectively, it follows that

KL S~r N~y N NZ{ZN&{'

We now give the formal proof that %y is an o/-parameterised bisimulation: we will
omit the similar proofs that Zy is a resource preserving bisimulation.
Y .
Let (s1,$2) € %1 and sy SEEEN 51 for some 4;. We have to prove that there exists 4, and

A
s, such that (11, 4) € 7, sy —— s, and (s},s5) € Zy.
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We suppose that for each 7, and s, such that (11, 4,) € &7, we have (s},5}) ¢ Zp. Let
X = {5/2312.(;_1,/12) € o and 5, > s;}.

Since M is image-finite, X is finite. For each s € X there exists ¢, such that s} F=(ya) s
while s E=(y,n) 7¢s. If X is non-empty, we let

¢X:/\¢s'

seX
And if X is empty, we let ¢px =T.
o/ and A are transition respectful in M. Hence, there exists o such that:
— A1 € Af[«]]; and
— for each 4 such that s ——, if (41, ) ¢ <7, then A & A[o].

We have that s; F=(uva) (0)¢x while 52 FEava) —(x)dx. Hence, (s1,52) ¢ Zi, which
contradicts the assumptions, so the statement is proved. ]

7.1. Logical characterisation of bisimulation for An

In this section we will investigate the equivalence induced by the satisfaction of formulae
in IL4, and their relationships with another well-studied behavioural equivalence between
Am processes, viz. the asynchronous bisimulation presented in Amadio et al. (1998). First
we note the following result.

Lemma 7.9.

— My, is image-finite with respect to Ay, and A 4;,.
— yn = {(1,7)} and Ay, are transition respectful in M 4.

Proof. Image-finiteness of My, with respect to Ay, and Ay, follows easily from the
following:

b
— For each P and ab, we have {P’|P - P’} = {P|ab}.

— For each P and ab, we have {P'|P O P’} is {Q} if P = Q | ab, otherwise it is the
empty set.

— For each P and a, we have {P'|P —“ P’} = {P'|3P".P = va.P’ and P’ = P"[ab},
which is finite since in P only a finite number of bound names can occur.

— For each P and o, we have {P’|34.1 € A[[«]] and P N P’} is equal to {P'|P — P'},
which is finite because in P only a finite number of synchronisations can occur.

Moreover, 74, = {(t,7)}. Hence, for each P and 4;, we have 4, € Ay, [[\/]], while for
each 1y € LABy,, we have (11, 4;) € 74,. Hence, @74, and A 4, are transition respectful in

Myz. U

Moreover, we will show that the equivalence ~{(“?} defined over A processes coincides
with the asynchronous bisimulation (~,) defined in Amadio et al. (1998). This means that

IL 4,, characterises asynchronous bisimulation.
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Definition 7.10. A symmetric relation & on An terms is a strong ot-bisimulation if PZQ,
P+ P', o is not an input action, and bn(x) N fn(Q) = & implies Q —> Q' and P'ZQ’.
Let ~,; be the largest ot-bisimulation.

Definition 7.11. A relation & is an asynchronous bisimulation if it is an otr-bisimulation
and whenever PZQ and P LN P’, we have either:

— 0 2, Q' and P'ZQ’; or

— 0+ Q" and P'%(Q'|ab).

Definition 7.12. ~, is the largest asynchronous bisimulation.

Definition 7.13. Let ~; be the largest relation & such that & is an ot-bisimulation and
PZQ implies (P|ab)Z(Q|ab) for all ab.

Theorem 7.14. ~,=~,
Proof. See Amadio et al. (1998). U]

Let P =!7.0 and Q =!7.0ja(b).ab. We have that P ~, Q. Note that these processes can
be distinguished using the modal logics defined in Milner et al. (1993), Dam (1996) and
Caires (2004).

Theorem 7.15. ~{(=c~,

Proof. We first prove that ~{(=} is an ot-bisimulation. We have to show that if P20,
then P — P’, o is not an input action, and bn(x) N fn(Q) = & implies Q s Q' and
P'ZQ'.

Thanks to Lemma 3.4, it easy to prove that if P ~{(=9} Q, then:

— P-5 P =30.0-5Q and P/ ~=9) @,
ab oab
— P ..?f.. P'=130.0 - > Q' and P’ ~A@)} 0.
— P b p7 6. P'=130,0".0 = Q" e. Q' and P" ~\@0) 97 p’ A0}
We now have to prove that for each @b, if P ~\=9} Q, then Plab ~\=?} Q|ab. For

@ab @ab
each ab, we have P - > P|ab and Q e > Qlab. Since P ~\=9} Q. it follows that
Plab ~'=} Qlab and that ~{&9} is an asynchronous bisimulation.

Since ~, is the largest asynchronous bisimulation, this implies ~{=) c~,. U]

Theorem 7.16. ~, =~}

Proof. We prove that ~, is a resource preserving bisimulation, a revelation bisimulation
and a {(r,7)}-parameterised bisimulation. We have to show that if P ~, Q, then:
®ab
1 If P e » P’, then there exists Q' such that Q ------- > Q’ and P’ ~, Q.

cab oab
2 If P oo » P’, then there exists Q' such that Q - »Q and P' ~, Q.
3 If P —“ P/, then there exists Q' such that Q < Q' and P’ ~, Q'.
4 If P =5 P’, then there exists Q' such that Q — Q' and P’ ~, Q.
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The above follow directly from the definition of ~, by noting that:
@ab
{ If P s P', then P’ = Plab.
©ab ab
2 If P e » P’ then P — P,
ab
3 If P b P, then P’ = @b|P” (a  b) and P b P,

4 If P — P’', then P — P’. O

7.2. A bisimulation for M,k

In this section we introduce an equivalence between uKLAIM transition labels (7, ). This
will be used to define a bisimulation for Mk (~“«) that agrees with the equivalence
induced by the satisfaction of formulae in ILk.
We will define 7,k as the inf of a chain of equivalences (&), each of which is
respectful of the corresponding interpretation A’ (see Definition 6.2).
Definition 7.17. Let ,;zflj,( be the subset of LAB,x x LaB,x defined inductively as follows:
— (A, ) € MHOK if and only if either:
- A=/ or
- =L :Pw»lhand A, =1 : Qw» I, for some [, [, P and Q.
— (1, 42) € &/ if and only if either:
— 1 =AM 0r
- =L :Pwlhand =1 : Q» 1, forsomelj, [, P and Q,and [, :: P ~Fik I ::Q.
We will now show that each 7} is respectful of A’ (see Definition 6.2), and that o7
and A are transition respectful in M,k. This allows us to prove (using Theorems 7.5
and 7.8) that for each i:
Ny ~ Tk N, if and only if Ny =api ¢ < N, E=pi ¢
Indeed, the following Lemma holds.

Lemma 7.18. Mk is image-finite with respect to A k.

Proof. 1t is easy to prove that for each Ni:

— {(N2[3/ € ANy = N} O

Lemma 7.19. For each i:

— o is respectful of A'.
— o/ and A’ are transition respectful in M.

Proof. The proof is by induction on i.
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Base of induction (i=0): If (11, /1,) € ,;zflf,(, then either 4y = A, € {t,l; 1t > b, 1t < b}
(for some Iy, [ and t), or 4y =1y : P» 1, and 4, =[; : Q» [, (for some [y, I, P and Q).
In the first case we let o be \/, Iy :t>l or Iy : t<ly, respectively: Agk [ol = {41} and
for each of # o, 4; ¢ Al [«'].
In the second case we have that for each ¢, 11,4, € AgK [l : ¢» L], while neither /4
nor 4, belongs to ABK Mo if o is \/, I s il or Iy @ t<dly.
Hence, (41,42) € 4y if and only if for each « € A,x we have 4; € A [o] < 4 €
AgK [
We now have to prove that for each Ny and 4; there exists o such that:

— J1 € A [[«]; and

— for each A such that N; —A>, if (11,7) ¢ %‘}(, then 2, ¢ ASK M.
The statement follows easily by considering o = / if 41 = 7, « = | : b if
=1 ZII>12,0(=l1 Itﬁlz if2i=10 :t<lhand aa =1[; ITLIQ ifAi =104 :t<al.

Induction hypothesis: For each i < n:

— . is respectful of A'.
— o/ and A are transition respectful in M.

Induction step: Let (11, 4;) € %';j ', We have that either 1; = 1, and there exists o such
that A%F'[o] = {4} (and for each o # o 41 ¢ AJF'[o]), or 4y = Iy : P w» b,
o=l :Qwlhand [, :: P ~Tik [y 0.

In the first case the statement follows directly from definition of A"+!.

In the second case, using the induction hypothesis, we have that for each ¢, [, :: P €
M“i [¢]] if and only if I, :: Q € M“x [[¢]. Hence, for each ¢ such that depth(¢) < n,
we have l; : P oL e '[9l <L : 0> 1

We now prove that for each Ny and A; there exists an o such that:

— M € AZ}? [e]l; and

— for each 2 such that Ny —, if (41,) ¢ /", then 4> ¢ A% [o].

If Zyisone of 7, [y :t> 1, or Iy : t <l (for some [y, t or 1), the statement follows easily
by considering \/, I it or Iy - t<bs.

If 4y =1; : Pw» I, we let X be the finite set defined by

X ={l :Qw» L|IN, : N i>N2 and [, :: P~k [, 0}

From the induction hypotheses, for each 1 =1; : Q » [, € X there exists ¢, such
that [, i P =p0 ¢ and [, 1 Q =pr —¢p. We let o = [; 1 px»I, where ¢y = A,y ¢
Therefore:

— M € A;j(l [e]l; and

— for each / such that Ny —, if (A1, 22) ¢ A then 2, ¢ A [o]). O

Let o7,k be the greatest lower bound of the chain .7 in the CPO 2LABk<LABik Since
(ZLAB/*K XLAB#K, <) is a complete lattice, all we have to do to guarantee the well-definedness

of ,x is prove that for each i we have o' < 7.
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Lemma 7.20. For each i we have /' = /.
Proof. The thesis follows directly from the definition of %;K and Lemma 6.3. ]
Definition 7.21. We define o7,k =, 7.

The following lemmas enable us to guarantee that o7,k is respectful of A,x and that
“,k and Ak are transition respectful in M k. Hence, ~7 characterises the equivalence
induced by the satisfaction of formulae in ILk.

Lemma 7.22. @/, is respectful of A k.

Proof. We have

(/11,)&2) € %K = Vi.(/ll,;nz) € JZ{JK
= ViNaiy € Ayl < i € Ay []
= Vo(Vidi € Al [a]]) < (Vida € Al [2])
= Vol € Afld]] < 1, € Af«] .

Moreover,
(71.02) & Fux = Fk.(l1,2) € A
= JkJa.l; € ALK [oel A2y & ALK o
= Juiy € Al Ay ¢ All]. o
Lemma 7.23. If N; £ N,, there exist k and ¢ such that depth(¢) < k and N; =pc ¢
Ny Epre 2.

Proof. If Ny 47k N», there exists ¢ such that Ny =p ¢ Na E=pi .

If i > 0 for each P and y such that depth(yp) <i—1,thenl; : P» ], € ALK [ :pebl,
and it follows that Ny =, ¢’ Ny = —¢p'. Where ¢’ is obtained from ¢ by replacing each
label predicate Iy : p»l, (depth(y) = i) with [; : Te-l,. We have that depth(¢’) < i+ 1,
and, moreover, Ny Fpini ¢ Ny FEpin ¢

If i =0, we let ¢’ be the formula obtained from ¢ by replacing each label predicate
Iy : ww»l, with I} : Tel,. We have that depth(¢’) < 1, and, moreover, Ny =1 ¢’
Ny Epr ¢ U

Lemma 7.24. &/, and A,k are transition respectful in M k.

Proof. We now prove that for each Ny and 4; there exists an o such that:
— A1 € All«]; and
p)
— for each 4, and N such that Ny —= N} and (11, 42) & ok, we have 4, ¢ A:’}l To].

If Ayisoneof 7,1y :t>1y or ly :t<1l, (for some [y, t or 1), the statement follows easily
by considering \/, Iy :t>b or Iy @ t<ly.
If 41 =1 : P» I, we let X be the finite set defined by

X ={l :Qw» L|AN; : N MNz and |, :: P 7“7{"“ L::Q}.

There exists a k such that for each [; : Q» |, € X, I, :: P A%« [, :: Q. For each
A=1 :Qw»l € X there exists ¢, such that I, :: P [=pr ¢, while I, 1 Q =pc .
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Let ¢x = (;cx ¢s- We have that [} : P » I, € AILK [l : ¢x» L], while for each 1 € X,
A g€ A,’jK[[ll : ¢x»bh]. Thus, I} : Pw» l, € Aflly : ¢x»L], while for each 1 € X,
A ¢€ Al - x> ] U]

We can now state the final theorem of this section.
Theorem 7.25. ~“« characterises the equivalence induced by formulae satisfaction.

Proof. The statement follows directly from Lemmas 7.22 and 7.24 using Theorems 7.5
and 7.8. U]

8. Conclusions and future work

In this paper we have proposed a variant of LTSs, which we have called Multiple-Labelled
Transition Systems (MLTSs), as a candidate general operational model for distributed
calculi with names and mobility. To show the usefulness of our proposal, we used MLTSs
to describe the operational semantics of two formalisms, namely the asynchronous z-
calculus (An) (Boudol 1992; Honda and Tokoro 1991) and uKrAiM (Bettini et al. 2003),
that have the opposite objectives of expressivity and usability.

For modelling the properties of MLTSs, we introduced a temporal logic (MoMo) that
consists of a small set of operators to be used to describe specific properties/behaviours
of mobile and distributed systems. Together with the usual logical connectives and the
operators for minimal and maximal fixed points, the logic is equipped with operators
for: describing dynamic behaviours (temporal properties); modelling resource management
(state properties); taking into account name handling (nominal properties); and controlling
mobile processes (mobility properties).

We have also studied the relationships between the equivalences induced on Az by
MoMo and by bisimulation.

The main limitation of the proposed approach is that in order to establish system prop-
erties we need to provide detailed descriptions of the whole systems under consideration.
Obviously, this is a very strong assumption for wide area networks, since it is very often
the case that only some components of the system are known; and one has only a limited
knowledge of the overall context in which the component is operating. Nevertheless, one
would like to guarantee that components behave well whenever the context guarantees
specific resources or interactions.

For this reason, we plan to set up a framework for specifying contexts for distributed
calculi (whose semantics is specified in term of MLTSs). By means of contexts, we will be
able to provide abstract specifications of a given system and avoid the need to describe
all of its components in full. Indeed, some of these components could be known or
implemented only at a later stage. Then, the implemented component can be removed
from the context and added to the implemented part, thus performing a concretion
operation. We aim to set up a framework that would guarantee the preservation of
formulae satisfaction at each stage of refinement if the introduced implementation agrees
with the original specification.
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We also plan to use MLTSs to describe the behaviour of other calculi with explicit
notions of distribution and mobility, and, in particular, for modelling emerging calculi for
Service Oriented Architecture, such as SCC (Boreale et al. 2006). This will enable us to
specify and verify the properties of distributed service architecture using MoMo.
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