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Abstract. The distributed structure of CCS processes can be made explicit by assigning different
locations to their parallel components. These locations then become part of what is observed of a
process. The assignment of locations may be done statically, or dynamically as the execution proceeds.
The dynamic approach was developed first, by Boudol et al. in [BCHK91a}, [BCHK91b], as it seemed
more convenient for defining notions of location equivalence and preorder. However, it has the drawback
of yielding infinite transition system representations. The static approach, which is more intuitive but
technically more elaborate, was later developed by L. Aceto [Ace91] for nels of automala, a subset of
CCS where parallelism is only allowed at the top level. In this approach each net of automata has a finite
representation, and one may derive notions of equivalence and preorder which coincide with the dynamic
ones. The present work generalizes the static treatment of Aceto to full CCS. The result is a distributed
semantics which yields finite transition systems for all CCS processes with a regular behaviour and a
finite degree of parallelism.

1 Introduction

This work is concerned with distributed semanticsfor CCS, accounting for the spatial distribution
of processes. Such semantics focus on different aspects of behaviour than most non-interleaving
semantics for CCS considered so far in the literature, which are based on the notion of causality.
Roughly speaking, a distributed semantics keeps track of the behaviour of the local components
of a system, and thus is appropriate for describing phenomena like a local deadlock. On the
other hand a causal semantics, such as those described in [DDNMS87], [GG89], [DD90] [BC91],
is concerned with the flow of causality among activities and thus is better suited to model the
interaction of processes and the global control structure of a system.

The distributed structure of CCS processes can be made explicit by assigning different loca-
tions to their parallel components. To this end we use the location prefizing construct [ :: p of
[BCHK91a,b], which represents process p residing at location I. The actions of such a process
are observed together with their location. We have for-instance:

(Izalkub) 4;—» (I:nil | k::b) -i—» (I:ndl | k2 nil)

In general, because of the nesting of parallelism, the locations of actions will not be simple letters
l,k,... but rather words u = Iy ---l,. Then a “distributed process” will perform transitions of
the form p —3—- r.

The idea is now to compare CCS terms by comparing their possible disiributions, which
are obtained by transforming each subprocess (p | ¢) into (I :: p | k =z q), where ! and k are
distinct locations. Intuitively, such an assignment of locations should be done statically, and
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then become part of what is observed of a process. This will allow us to distinguish for example
(a | b) from (a.b + b.a), since any distribution of the first process will perform actions a and b
at different locations. For more interesting examples we refer the reader to the introductions of
[BCHK91a,b).

We thus want to define a notion of (weak) bisimulation on distributed processes, which
equates processes exhibiting the same “location transitions”. However, it would be too strong a
requirement to ask for the identity of locations in corresponding transitions. In fact, if we want
to observe distribution, we still aim, to some extent, at an extensional semantics. For instance,
we do not want to observe the order in which parallel components have been assembled in a
system, nor indeed the number of these components. We are only interested in the components
which are active in each computation. We would like e.g. to identify the distributions of the
CCS processes:

al(ble) and (a]b)]|c
a and afnil

Then transitions must be compared modulo an association between their locations. For instance
to relate the distributions [ g [k (Vb |k =c) and 1 (U a] k' b)) | ke, we need
to “identify” the locations I, kl’, kk' of the first respectively with [l', Ik, k in the second.
However, it appears that this association cannot in gereral be fixed statically. For consider the
two CCS processes:

p=[a+b)}ab\a and g=0b

Intuitively, we would like to equate p and ¢ because the observable behaviour of any distribu-
tions of these processes consists in just one action b at some location /. But here the required
association of locations will depend on which run is chosen in the first process. Hence it is not
obvious how to define a notion of equivalence formalising our intuition about abstract distributed
behaviours.

Because of this difficulty, the static approach was initially abandoned in favour of a different
one, where locations are introduced dynamically as the execution proceeds. This dynamic ap-
proach, where locations are associated with actions rather than with parallel components, has
been presented in [BCHK91a,b]. In this setting, the notion of location equivalence is particu-
larly simple: it is just the standard notion of bisimulation, applied to the transitions p —:‘ p.
Moreover, by weakening a little the definition of the equivalence, we obtain a notion of location
preorder, which formalises the idea that one process is more sequential or less distributed than
another. Such a notion is particularly useful when dealing with truly concurrent semantics,
where an implementation is often not equivalent to its - generally more sequential - specifica-
tion. Since location equivalence and preorder are essentially bisimulation relations, many proof
techniques familiar from the theory of standard bisimulation may be applied to them: for ex-
ample both these relations have a complete axiomatisation and a logical characterisation in the
style of Hennessy and Milner, see [BCHK91a,b)].

However, the dynamic approach has the drawback of yielding infinite transition systems even
for regular processes, and thus cannot be directly used for verification purposes. Moreover in
this approach locations represent access paths for actions rather than sites in a system, and
thus are somehow remote from the original intuition. For these reasons, it was interesting to
resume the initial attempt at a static approach. The problem of finding the appropriate notion
of bisimulation was solved by L. Aceto in [Ace91] for nets of automata, a subset of CCS where
parallelism is only allowed at the top level. The key idea here is to replace the usual notion of
a bisimulation relation by that of a family of relations indexed by location associations. Aceto



323

shows that the notions of static location equivalence and preorder thus obtained coincide with
the dynamic ones, and thus may be used.as “effective” versions of the latter.

The purpose of the present work is to generalize the static treatment of Aceto to full CCS.
Having established the notion of distribution for general CCS processes, the main point is to
adapt Aceto’s definitions of static location equivalence and preorder. Because of the arbitrary
nesting of parallelism and prefixing in CCS terms, and of the interplay between sum and par-
allelism, this is not completely straightforward. A step in this direction was done recently by
Mukund and Nielsen in [MN92], where a notion of bisimulation equivalence based on static lo-
cations is proposed for a class of asynchronous transition systems modelling CCS with guarded
sums. The notion of equivalence we present here is essentially the same (extended to all CCS),
and our main result is that it coincides with the dynamic location equivalence of [BCHK91b).
We also show that a similar result holds for the location preorders.

A transition system for CCS labelled with static locations, called “spatial transition system”,
has been also presented in [MY92], [Yan93]. Here locations are essentially used to build a second
transition system, labelled by partial orders representing local causality, on which is based the
theory of equivalence (as well as of preorders, in [Yan93]). Again, this partial order transition
system gives finite representations only for finite behaviours. This work also confirms what had
been previously shown by A.Kiehn in [Kie91], namely that observing dynamic locations amounts
to observe local causalily in computations. In [Kie91] one may also find a detailed comparison
of distributed and causality-based semantics.

In this extended abstract all proofs are omitted. For a full account we refer to the complete
version of the paper [Cas93].

2 A language for processes with locations

We introduce here a language for specifying processes with locations, called LCCS. This langnage
is a simple extension of CCS, including a new construct to deal with locations.

We start by recalling some conventions of CCS [Mil80]. One assumes a set of names A,
ranged over by a,f3,..., and a corresponding set of co-names A = {& | @ € A}, where ~ is a
bijection such that & = a for all @ € A. The set of visible actions is given by Act = AUA.
Invisible actions — representing internal communications - are denoted by the symbol 7 ¢ Act.
The set of all actions is then Act, =qgef Act U {r}. We use a,b,c,... to range over Act and
#y¥,. .. to tange over Act,. We also assume a set V of process variables, ranged over by z,y....

In addition to the operators of CCS, which we suppose the reader to be familiar with, LCCS
includes a construct for building processes with explicit locations. Let Loc, ranged over by
l,k,..., be an infinite set of atomic locations, The new construct of location prefizing, noted
{ :: p, is used to represent process p residing at location /. Intuitively, the actions of such a
process will be observed “within location I”. The syntax of LCCS is as follows:

pu=nil | pp | (ple) | (p+a) | P\a | p(f) | = | recz.p | lup

We use the slightly nonstandard notation p({f) to represent the relabelling operator of CCS.
In a previous paper [BCHK91b], this language has been given a location semantics based on a
dynamic assignment of locations to processes. Here we shall present a location semantics based
on a static notion of lacation, and show that the two approaches, dynamic and static, give rise
to the same notions of equivalence and preorder on CCS processes. The basic idea, common
to both approaches, is that the actions of processes are observed together with the locations at
which they occur. In general, because of the nesting of parallelism and prefixing in terms, the
locations of actions will not be atomic locations of Loc, but rather words over these locations.
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Thus general locations will be elements u,v... of Loc*, and processes will be interpreted as
performing transitions .

p=— 7
where g is an action and u is the location at which it occurs.

However, locations do not have the same intuitive meaning in the two approaches. In the
static approach locations represent sites - or parallel components - in a distributed system,
much as one would expect. In the dynamic approach, on the other hand, the location of an
action represents the sequence of actions which are locally necessary to enable it, and thus is
more properly viewed as an access path to that action within the component where it occurs.
Because of this difference in intuition, it is not immediately obvious that the two approaches
should yield the same semantic notions. The fact that they do means that observing distribution
is essentially the same as observing local causality.

3 Static approach

We start by presenting an operational semantics for LCCS based on the static notion of location.
The idea of this semantics is very simple. Processes of LCCS have some components of the form
{::p, and the actions arising from these components are observed together with their location.
The distribution of locations in a term remains fixed through execution. Location prefixing is
a static construct and the operational rules do not create new locations; they simply exhibit
the locations which are already present in terms. Formally, this is expressed by the operational
rules for action prefixing and location prefixing. Recall that locations are words u,v,... € Loc™.
The empty word £ represents the location of the overall system. The rules for p.p and l::p
are respectively: ’

(S1)  wp S
(82) P —:'.9 r = lap T”;sl::p’

Rule (S1) says that an action which is not in the scope of any location [ is observed as a global
action of the system. Rule (S2) shows how locations are transferred from processes to actions.
The rules for the remaining operators, apart from the communication rule, are similar to the
standard interleaving rules for CCS, with transitions ":‘*s replacing the usual transitions —.
The set of all rules specifying the operational semantics of LCCS is given in Figure 1. The rule
for communication (54) requires some explanation. In the strong location transition system we
take the location of a communication to be that of the smallest component which includes the
two communicating subprocesses: the notation u M v in rule (54) stands for the longest common
prefix of « and v. For instance we have:

Example 3.1
lualkza (=B K =B) —:’s lanid [ k(=B K = p) %s Pundl [ k(I nil | B 2nil)

However, we shall mostly be interested here in the weak location transition system, where 7-
transitions will have no explicit location: since the transitions themselves are not observable,
it would not make much sense to attribute a location to them. The weak location transitions
=:->s and =%, are thus defined by:

P=sq ¢ JUn, e, PoriPa SE PEpo e P e Pa=g
p>eq & Ipupy st p=ep e P2 Teg
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We shall use the weak location transition system as the basis for defining a new semantic theory
for CCS, and in particular notions of equivalence and preorder which account for the degree
of distribution of processes. The reader may have noticed, however, that applying the rules
of Figure 1 to CCS terms just yields a transition p —':-a p' whenever the standard semantics

yields a transition p £, p. In fact, we shall not apply these rules directly to CCS terms.
Instead, the idea is to first bring out the parallel structure of CCS terms by assigning locations
to their parallel components, thus transforming them into particular LCCS terms which we call
“Qistributed processes”, and then execute these according to the given operational rules. The
set DIS € LCCS of distributed processes is given by the grammar:

pu=mni | wp | (=plkzg) | (p+q) | P\e | p{fy | = | recz.p
I#k

Essentially, a distributed process is obtained by inserting a pair of distinct locations in a CCS
term wherever there occurs a parallel operator. This is formalised by the notion of distribution.

Definition 3.2 The distribution relation is the least relation D C (CCS x DIS) satisfying:

-ni Dnil and 2Dz

-pDr = pupDpur
p\a D r\a
p{f)Dr{f)
(recz.p) D (recz. )

-pDr & qDs = (plg)D(urlks), Vik st. I#k
(P+9)D(r+s)

If pDr we say that r is a distribution of p.

Note that the same pair of locations may be used more than once in a distribution. We shall
see in fact, at the end of this section, that distributions involving just two atomic locations are
sufficient for describing the distributed behaviour of CCS processes.

3.1 Static location equivalence

We want to define an equivalence relation &§ on CCS processes, based on a bisimulation-like
relation between their distributions. The intuition for two CCS processes p, ¢ to be equivalent
is that there exist two distributions of them, say p and §, which perform “the same” location
transitions at each step. However, as we argued already in the introduction, we cannot require
the identity of locations in corresponding transitions. If we want to identify the following
processes:

a|l(dle) and (alb)|c
a and a|ni

it is clear that, whatever distributions we choose, we must allow corresponding transitions to
have different — although somehow related — static locations. In general transitions will be
compared modulo an association between their locations. The idea is directly inspired from
that used by Aceto for nets of automata [Ace91]; however in our case the association will not be
a bijection as in [Ace91], nor even a function. For example, in order to equate the two processes:

a.(b.c|nil) and a.b.(c|mnil)
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we need an association containing the three pairs (g, ¢), (I,¢), (1, 1), for some [, € Loc.

In fact, the only property we will require of location associations is that they respect inde-
pendence of locations. To make this precise, let < denote the prefix ordering on Loc™. fu < v
we say that v is an extension or a sublocation of u. If w € v and v £ u, what we indicate by
u © v, we say that v and v are independent.

Definition 3.3 A relation ¢ C (Loc* x Loc™) is a consistent location association (cla) if:
(wv)ep & (W, v)ep = (uov & vod)

Essentially the same notion of consistent association has been proposed in [MN92] for a class of
asynchronous transition systems modelling CCS with guarded sums.

Now Aceto showed in [Ace91] that, for a given pair of distributed processes we want to
equate, the required cla cannot in general be fixed statically, but has to be built incrementally.
For consider the two distributed processes, which are intuitively equivalent since both perform
actions a and b in either order at different locations:

({:(a.y+b.9)|k=(7.0+9.0))\y and (I:a|kub)

Here, depending on which summand is chosen in the left component of the first process, one
needs to use the association ¢ = {(I,1),(k,k)} or the association ¢’ = {(l,k),(k,{)} (note that
@ U ¢’ is not consistent). Another example is given in the introduction.

To dynamically build up associations, we use the same technique as in [Ace91]. Let @ be the
set of consistent location associations. We define particular ®-indexed families of relations S,
over distributed processes, which we call progressive bisimulation families (although the relations
that constitute a family are not themselves bisimulations). The idea is to start with the empty
association of locations and extend it consistently as the bisimulation proceeds.

Definition 3.4 A progressive bisimulation family (pbf) is a ®-indexed family
S = {5, | ¢ € ®} of relations over DIS, such that if pS,q then for all a € Act,u € Loc™:

1) p ‘—:‘L?s p' = 3¢,v such that ¢ =:>s ¢, pU{(v,v)} €& and p' Sou{uep ?
(2) ¢ =:>s ¢ = 3p,u such that p =-—Z->s P, pU{(v,v)} € ® and p' S uf(ue)) ¢

(3) p=,p = 3¢ suchthat ¢==,¢ and p'S,¢

(4) ¢==.4¢ = 3 suchthat p=5,p’ and p'S,q

Using these progressive bisimulation families, we may now define the location equivalence ~§ on
CCS terms as follows:

Definition 3.5 (Static location equivalence) For p,q € CCS, we let p =3 ¢ if and only if
for some 7,§ € DIS such that pDp and ¢D g, there exists a progressive bisimulation family
S={S, | p€ ®} such that 5554

The reader may have noticed that the inverse D ! of the distribution relation is a function. If
we let ® =qef DL, then 7(p) gives the CCS process underlying the distributed process p. It
may be easily shown that all distributions of the same process are in the relation Sy for some
progressive bisimulation family S:
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Proposition 3.6 Let p1,ps € DIS. Then w(py)=7(p2) = 3 pbf S st. p1Sgpa-

Using this fact, we may prove that ~; is indeed an equivalence relation and that, moreover, it
is independent from the particular distributions that are chosen.

Proposition 3.7 (Properties of =})
1. The relation = is an equivalence on CCS processes.

2. For any p,q€ CCS: prjq & for all p,§ € DIS such that pDp and qD q there exists
a progressive bisimulation family S = {S, | ¢ € ®} such that §S,q.

Thus to check the equivalence of CCS processes we may pick arbitrary distributions of them.
By virtue of this result, we can restrict our attention to particular “binary” distributions, sys-
tematically associating location 0 to the left operand and location 1 to the right operand of a
parallel composition. A distribution of this kind will be called canonical, and elements of {0,1}*
will be called canonical locations. These are exactly the locations used in [MN92] and, with a
slightly different notation, in [MY92],[Yan93)].

Let us see now a simple example, which shows the difference between location equivalence and
causality-based equivalences, such as the causal bisimulation of [DD90]:

Example 3.8 a.b+be %5 (a.7]70\y + (bv|F.a)\v =§ alb

As we announced earlier, & will be shown to coincide with the dynamic equivalence zg of
[BCHK91b]. Therefore all the examples given there for ~§ apply to =} as well.

3.2 Static location preorder

We define now a preorder (;; on CCS processes, which formalises the idea that one process is
more sequential or less distributed than another. This preorder is obtained by slightly relaxing
the notion of consistent association. The intuition for p EZ q is that there exist two distributions
P and § of them such that whenever p can perform two transitions at independent locations,
then § performs corresponding transitions at locations which are also independent, while the
reverse is not necessarily true. This is expressed by the following notion of left-consistency:

Definition 3.9 A relation ¢ C (Loc™ X Loc*) is a left-consistent location association if:
(wv)ee & (W,v)ep = (vow = vod)

Now, if ¥ is the set of left-consistent location associations, we may obtain a notion of progressive
pre-bisimulation family (ppbf) on distributed processes of DIS by simply replacing ® by ¥ in
Definition 3.4. Again, this gives rise to a relation on CCS processes:

Definition 3.10 (Static location preorder) If p,q € CCS, let p E: ¢ if and oaly if for
some p,g € DIS such that pDp and ¢D g, there exists a progressive pre-bisimulation family
S = {5y | ¢ € ¥} such that §Spq.

~

for instance, for the processes of Example 3.8 above:

It is easy to see that pxj g = p L ; ¢. As may be expected the reverse is not true. We have

Example 3.11  a.b+bae T, (av|7.0)\7 + (b.v]7.a)\v

We shall show that this static preorder coincides with the dynamic location preorder L

d

f
¢ ©
[BCHK91b], and thus inherits the theory of the latter.
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For each p € Act,, u € Loc*, let ";‘“-‘s be the least relation -—:—' on LCCS processes satisfying
the following axiom and rules.

(81) pp = p
(52) P_:‘ 4 = l::p-ﬁ*l::p’
(53) P =  pletPlg
“ 7
glp— qlp
(S4) popetd = ple——pld
(5) P >  ptgoyp
g+p— o
(s6) po v, pé{xal = plapa
s
(S7) Py = (N 2y
(58) plrecz. p/z] —:—» ?r => recz. p %» P

Figure 1: Static location transitions

Let p —34 g def P -%*s q, and for each a € Act, u € L*, let —:»d be the least relation
—:-» on LCCS processes satisfying rules (S2), (S3), (S5), (S6), (S7), (S8) and the axiom:

(D1) a.p -‘;—» lup for any ! € Loc

Figure 2: Dynamic location transitions
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4 Dynamic approach

We briefly recall here the dynamic approach of [BCHK91b}, and in particular the definitions of
~f and [ j. In the dynamic approach, locations are associated with actions rather than with
parallel components. This association is built dynamically, according to the rule:

(D1) a.p —j’d lup for any ! € Loc

In some sense locations are transmitted from transitions to processes, whereas in the static case
we had the inverse situation. Rule (D1) is the essence of the dynamic location semantics. The
remaining rules are just as in the static semantics, see Figure 2. We refer to [BCHK91b] for more
intuition on the dynamic notion of location: let us just observe that these locations increase at
each step, even if the execution goes on within the same parallel component. In fact the location
{ which appears in rule (D1) may be seen as an identifier for the action a. Then the location
of a generic transition p —:’d P’ is a record of all the actions which causally precede a, what we
shall call also the access path to a.

Because of rule (D1), the dynamic location transition system is both infinitely branching and
infinitely progressing: it gives infinite representations for all regular processes. Indeed, this has
been the main criticism to this dynamic approach, see [Ace91],[MY92],[MN92]. In fact, while
the infinite branching may be overcome easily (through a canonical choice of dynamic locations,
see [Cas93]) the infinite progression is really intrinsic to this semantics.

Note that for 7-transitions, for which we do not want to introduce additional locations, we
simply use the static transition rules. Although this last point differentiates our strong dynamic
location transition system from that originally introduced in [BCHK91b], the resulting weak
(dynamic) location transition system is the same. The definition of the weak transitions %d

and ==, is similar to that of the =»s and ==,.
u

We define now the dynamic location equivalence ~§ and the dynamic location preorder Ej
Because of the flexibility in the choice of locations, these definitions are much simpler than in the
static case. In [BCHK91b] the relations ~¢ and [ Z are obtained as instances of a general notion
of parameterized location bisimulation. We shall use here directly the instantiated definitions.

Definition 4.1 (Dynamic location equivalence) A symmetric relation R C LCCS x LCCS
is called a dynamic location bisimulation (dib) iff for all (p,q) € R and for all @ € Act,u € Loct:

V) p =:>d p' = 3¢ € LCCS such that ¢ =Z>d g and (p,¢)€R
(2) p==>qp = 3¢ € LCCS such that ¢ ==, ¢’ and (p,¢') € R

The largest dibis called dynamic location equivalence and denoted ~¢.

We refer to [BCHK91b] for examples and results concerning ~§. Consider now the location
preorder 5 j. Here, instead of requiring the identity of locations in corresponding transitions, we
demand that the locations in the second (more distributed) process be subwords of the locations
in the first (more sequential) process. Formally, the subword relation <gy on Loc* is defined
by: v <aup u & 3v1,...,0%, Jwy,..., Weyr S V= vy ec-vk and U = wyvp - - WEVEWha1.
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Definition 4.2 (Dynamic location preorder) A relation R € LCCS x LCCS is called a
dynamic location pre-bisimulation (dipb)-iff for all (p,q) € R and for all a € Act,u € Loc*:

) p =:>d P = 3v <ap u, 3¢ € LCCS such that ¢ =:=~d ¢ and (p,¢)ER
(2) ¢ =:#d g = Ju.v <ub u, 3P € LCCS such that p =%>d p and (P,¢)ER
(3) p=%p¢p = 3¢ € LCCS such that ¢ =554 ¢’ and 7,¢)eR

(4) ¢ =»4¢ = 3P € LCCS such that p=>4p and (p',¢) € R

The largest dipb is called dynamic location preorder and denoted & f.

The intuition is as follows. If p is a sequentialized version of g, then each component of p
corresponds to a group of parallel components in g. Then the local causes of any action of ¢
will correspond to a subset of local causes of the corresponding action of p. This may be easily
verified for the following examples:

Example 4.3 a.a.a Qg e.ala and a.b + b.a i;j alb
We shall not comment further here on the relations ~¢ and L 'li, referring again the reader to
[BCHK91b] for more examples and for results concerning these relations. We proceed now to
state our main result, namely that the dynamic relations zf and Ej coincide with the static
relations ~j and T introduced in the previous section.

Theorem 4.4 Let p,g€ CCS. Then: pw=jq & p=fq and pQZq & pqu.

To prove this results, we use a new transition system on CCS, called occurrence system, which
is essentially a simplification of the event system introduced in {BC91] to compare different
models of CCS. This transition system, which incorporates the information of both location
transition systems, is used as an intermediate between the static and the dynamic semantics.
The main point is to prove that starting from a static or a dynamic location computation, one
may always reconstruct a corresponding occurrence computation. This means, essentially, that
all the information about distribution and local causality is already present in both location
transition systems. The proof may be found in [Cas93).
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