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Preface

CONCUR’93 is the fourth in an annual series of conferences devoted to the
study of concurrency. It is a sequel of CONCUR’90 and CONCUR’91, both
held in Amsterdam {The Netherlands), and CONCUR’92, held in New York
(USA). The basic aim of the CONCUR conferences is to communicate advances
in concurrency theories and applications.

This volume contains 31 papers that have been selected from 113 submissions;
four invited papers and two abstracts of invited talks are also included. The
members of the program committee and their subreferees have carefully read
the submitted papers and selected the collection that is presented in this volume
during a meticulous evaluation process. I would like to express my gratitude to
them for their painstaking and valuable work.

1 would also like to thank the organising committee for their efforts in arranging
the conference, and Hildesheim University for hosting CONCUR’93.

Support for CONCUR’93 has generously been provided by the Deutsche For-
schungsgemeinschaft and the Ministerium fiir Wissenschaft und Kultur des Lan-
des Niedersachsen. The conference has also been supported by the Commissi-
on of the European Communities (Esprit Basic Research), SUN Microsystems,
IBM, Technologietransferstelle der Universitét Hildesheim, Stadtsparkasse Hil-
desheim, Pfeffer Biirotechnik and Frings & Kuschnerus. The National Science
Foundation has supported the conference by providing a number of travel grants
for US academic researchers and graduate students.
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The Lambda-Calculus with Multiplicities

(abstract)

Gérard Boudol
INRIA-Sophia Antipolis

BP 93, 06902 SoPHIA-ANTIPOLIS CEDEX (FRANCE)

email: gbo@sophia.inria.fr

The A-calculus with multiplicities is a refinement of the usual A-calculus, inspired by the
encoding of the lazy A-caleulus into the r-calculus given by Milner in [Milner 19g2]. The
basic observation is this: in a reduction step (Az.M)N -3 M[N /], the argument N is
copied as many times as we need, that is, as much as there are free occurrences of x
in M. One could say that N is infinitely available. On the other hand, the w-calculus
provides means, namely parallel composition and replication (or “bang”), for controlling
the number of copies of an agent. One can show that this allows for distinguishing terms
that are not distinguished in the A-calculus.

In the refinement of the A-calculus we propose, the argument of a function is a bag of
resources, that is more precisely a multiset of terms. Then each term in the bag comes with
an explicit, possibly infinite multiplicity, indicating how many copies of it are available.
One recovers the usual M-calculus when the bags consist of just one term with an infinite
multiplicity. We shall write a bag as a parallel composition P = (M[™* |--- | M™) of terms
with multiplicities (where m; is 2 non-negative integer, or o). The parallel composition is
intended to be commutative and associative, with a neutral element 1, denoting the empty
multiset. Then, besides the variables z, y, 2... and the abstractions Az.M, the syntax of
our calculus includes applications of the form (M P), where M is any term, and P a bag of
terms. The management of the resources is done by means of explicit substitutions. That
is, we use M[P/z] not just as a notation for the meta-operation of substitution, but as

This work has been partly supported by the BRA CONFER, and by the PRC-CNRS
“Modéles Logiques de la Programmation”.
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an explicit syntactic contruct, as in [Abadi et al. 1990], which binds the variabie 2 in M.
Summarizing, the syntax of the A-caleulus with multiplicities is as follows:
M
P

1t

z | Az.M | (MP) | (M{P/g))
1M | (PIP) | M™

it

The terms with finite multiplicity may be defined by:

MP =1
M™ = (M| M™)

The usual A-calculus is obtained by restricting the syntax of bags of rescurces to P 1= M,

The eveluation rules are given in the appendix. The evaluation process is basically
the lazy (-reduction, but we also have to incorporate the substitution process as a part of
the evaluation, To evaluate M[F /z}, one fetches a resource from the bag P, if any, when
one actually needs it, that is when the variable z is in the head position in M. Typically,
we have: -

(zPy ... P)(M | P)z} = (MPy ... P)[P/2]

The operational semantics of cur caleulns is defined as the usual Morris® preorder, relying
on the notion of value. A value is any functionel closure, that is any term given by the
gramimar:

Vouz Az M | (VIP/z])

We write M whenever M has a value, that is V. M —* V. Then the operational preorder
is given by: '
MCN @4 YC. CMIY = C[NJI

where (' denotes any context (a term with a hole) and C[M] is the term obtained by
piacing M in the hole of C.

It is worth emphasizing two points here. First, if the bag P in M[P/z} is empty,
nothing ean be fetched out of it. Then a term like z[1/z] is deadlocked. It is 2 closed normal
form w.r:t. the evaluation process, but not a value. Second, since parallel composition
is commutative and associative, any resource from the bag can be selected in the fetch
operation. Then we can define a non-deterministic choice (M @ N} as follows, provided =
is not free in M or N:

(M D N) maer 2[{M | N} /2]

One can see that (M @ NY — MN/z] end (M @ N) = N[M/z]. Moreover, the two
terms M{N /z] and N{M/z] may be regarded as identical to M and N respectively, up
to some garbage collection. These two features of deadlock and non-determinism do not
arise in the usual A-caleulus. The non-deterministic choice allows one to deal with parallel
functions, as in [Boudol 19g0] (see also [Boudol :g923).
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One can show that the introduction of explicit finite multiplicities strictly increases
the discriminating power of the A-calculus. For instance, the two A-terms A = {zz™) and
B = z(y.(zy>=))*> cannot be operationally distinguished in the A-calculus. In fact, they
are equated in any model satisfying a weak form of extensionality, namely the conditional
prale M # Q = M = Az(Mz™), for z not free in M. In our calculus, they are
distinguished by the context C = []{A#.2/z], since we have:

ClA] = ((Az.2)z>)[}/z] = 2[2%°/2)[V/z] — 2{=%/2][1/z]
which is deadlocked, while

C[B] = ({(Az.2)(My.(zy%))®) [} /z) = 2[(Aw-(2y™))*/ 2){Y /=]
= Ay (2y®)[(Ay-(zy= )=/ 2)[1 /2]

that is a value. The same context can be used to separate the two terms of Ong’s example,
see [Milner 1gg2]. Moreover, A-terms which are separated by means of parallel functions
can be operationally distinguished using the non-deterministic choice, see [Boudol 19g90].

Not surprisingly, the A-calculus with multiplicities bears some relationship with
Girard’s Linear Logic [Girard 1987]. More precisely, we show that a fragment of lin-
ear logic provides a suitable functionality theory, in the sense of Curry and Coppo (see
[Coppo et al. 1981]), for our calculus. We do not use our calculus to develop a proof the-
ory for linear logic, i.e. a Curry-Howard correspondence, as Abramsky does with his linear
calculus in [Abramsky 1993]. We merely give a semantics for our caleulus using “linear
formulae”, and then we slightly modify Girard’s original concrete syntax. Our fragment
of linear logic is given by:

¢

w oo

w | (¢Ad) | (r—o¢)
1] (rxm) |

Il

where w stands for “additive truth” (T), A is the additive conjunction (&}, ~o is the
(linear) implication, 1 the “multiplicative truth”, x is the multiplicative conjunction (®),
and ! is the exponential “of course”. Formulae of the first kind (¢) provide functional
characters for the terms of the calculus, while the formulae of the second kind () are used
to “type” multisets of resources.

The typing rules are given in the appendix. One may observe that if we forget the
terms, we get exactly the rules of the corresponding fragment of linear logic. Then our main
result is a refinement of a theorem by Coppo, Dezani and Venneri [Coppo et al. 19811,
relating the convergence of the evaluation process on a given term with the fact that this
term has a non-trivial functional character. As a matter of fact, this result asserts that the
functionality theory provides an adequate semantics for our A-calculus with multiplicities.
This is stated formally in the appendix.



BIBLIOTHEQUE DU CERIST

REFERENCES
[Abadi et al. 1990 M. ABaDI, L. CARDELLI, P.-L. CumigN, J.-I. LEvy, Explicit sub-
stitutions, POPL 90 (:gg0) 31-46.

[Abramsky 1993] S. ABRAMSKY, Computational interpretations of linear logic, Theo-
retical Comput. Sei. 111 {1g993) 3-57.

[Boudel 1990] G. BoUDOL, A A-calculus for parallef functions, INRIA Res. Report 1231
(1990).

{Boudol 19913 G. BoupoL, Lambda-calculi for (strict) paraile]l functions, INRIA Res.
Report. 1387 {1901) to appear in Information and Computation.

{Goppo et al. 1g811° M. CopPo, M. DezaNI-CIANCAGLINI, B, VENNERI, Functional cha-
racters of solvable terms, Zeit, Math. Logik Grund. 27 {1981) 45-58.

[Girard 1987]  J.-Y. GIRARD, Linear Logic, Theoretical Comput. Sci. 50 (1587) 1-102.

[Milner 19g2] R. MILNER, Functions as processes, Math. Struct. in Comp. Science 2
(1992) 119-141,
Appendix: Evaluation and the Functionality System.

We denote by M =, N the o-conversion, and by P =  the structura! equivalence of bags
of terms, defined as the least congruence (on “bags™) satisfying:

1|P)=P

PlQy=(Q|P)
(PIQIR)=((P|Q)|R)
= = (M| M)

This is extended to terms as the least congruence such that:
PEQ = MP EMQ & M[P/z] EMIQ/:;}

The evaluation relation M — M’ uses an auxiliary relation M[N /z] — M’, the “fetch”
relagion. These are inductively given as follows:

M — A v N M= M M= N
— M =g —_— M=
N M N M

M — M M — M

MP —+ M'P M[P/z] = M'[P{z]
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(VP)—+ M
(Az.M)P — M{P/[z] z not free in P
(VIQ/2))P — M[Q/z]
Nz '
2[M/z] s M MV izl M
(MP)[N/z]— M'P
M[N/z] = M

z # z, z not free in N

(M[P/2])N/z] » M'[P/2]
MN[z] — M’
M[(N | P)/z] - M'[P/[s]

The functionality sytem is an intuitionistic natural deduction system, presented in se-
quent form. The sequents are either zi:my, - zrt F M: ¢, for typing terms, or
317, - Zgt mp = Prw, for typing bags of resources. As usual !I' denotes an hypothesis
of the form z1: !¢y, - =k : Ids. To factorize all the structural rules, which do not corre-
spond to any term construct, we write ' 2> A whenever A results from T' by application
of a sequence of exchange, weakening, dereliction, contraction or product. That is, > 1s
the least preorder satisfying:

z not freein N

Lzicy:r, A>»Lyinzio A exchange
I'>»z: T weakening

I's>z:1,T weakening

z:9, 0> z: 19, T dereliction

el z: T > ey, T contraction
zio,z:T, I »zioxrT product

The first group of typing rules concerns the constructions of the calculus:

PFPinw, z:m, A M:¢
zrptzi ¢ (z not in A)
DA M[P/z]: ¢

zim, - M:d 'FM:m—o¢, A+Pix

—  —— (znotinl)

Pz M:nm—o¢ T,AR{MP): ¢
PFPio, AFQ:T TEM:¢

TLAF(P|Q)ioxT ITH M1
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8

The remaining typing rules are independent from the structure of the $erms:

PFMiw FFPra
kT FeEM:p, TFHMp
— T3> A
AFT:r THM:ig iy
FrM:aAy TFM:9pANY
IkM:¢ TFM:y

DEFINITION (INTERPRETATION). F[M] is the set of pairs (', ¢) such that T - M: &,
and

NEpM &g FIN]C FlM]

THEGREM (ADEQUACY).
(i) for M closed: M| & 3r,¢. Fi:ir—¢
i) FIVFS FIM] = NCM
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A Multiset Semantics for
the pi-Calculus with Replication

Joost Engelfriet™

Department of Computer Science, Leiden University
P.O.Box 9512, 2300 RA Leiden, The Netherlands

Abstract. A multiset (or Petri net) semantics is defined for the =-
calculns with replication. The semantic mapping is a strong bisimulation,
and structurally congruent processes have the same semantics.

1 Introduction

The w-calculus has recently been introduced as an extension of CCS to mobile
concurrent processes (see [13, 10, 11, 12]). As for CCS [9], the (interleaving)
semantics of the 7-calculus is given by a transition system of which the states
are process terms. In this paper we provide a Petri net semantics for the “small
7-caleulus”, i.e., the subset of the w-calculus defined by Milner in [10]. The main
features of this subset are that it has no choice operator and that recursion is
replaced by the more elementary operation of replication, denoted by an excla-
mation mark: if P is a process, then !P stands for a countably infinite number
of concurrent copies of P. It is shown in [10] that this subset suffices to simulate
important aspects of the A-calculus.

Petri net semantics of process algebras has been studied in, e.g., [7, 14, 5, 17,
15]. In such a semantics, a Petri net is associated with each process; the idea is
that this Petri net expresses the concurrency present in the process in a more
direct way than the interleaving transition system. Here we wish to stress that
a Petri net (and in particular a P/T net) is just a particular kind of transition
system, viz. one of which the states are multisets (also called markings) and the
transition relation — satisfies the following “chemical law” (where Sj, Sg, and
S are states and U is multiset union): if S; — Sg, then S; U S — S, U S. For
this reason, we suggest the term “multiset transition system” as an alternative
to “Petri net” (just as a “transition system” used to be called “automaton”). It
has been the early insight of Petri that the (multi)set is exactly the datastructure
that fits to the notion of concurrency, and that communication between elements
of the (multi)set can be modeled by (multi)set replacement, as formalized by
the chemical law. The suggestive “chemical” terminology is from {1, 3] where
a multiset is viewed as a chemical soup of molecules (but we will use Petri
nets rather than the recent CHemical Abstract Machine of {3], which has some
unnecessary features and has been less well studied).

* The research of the author was supported by the Esprit Basic Working Group
No.6087 CALIBAN.
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The semantics of the “small 7-calculus” is presented in {10] (and in [11]) in
a novel way, inspired by the CHAM. First a so-called structural congruence is
defined on the process terms that is meant to capture the fact that two processes
are structurally, i.e., statically, the same. In other words, the processes have the
same flow graph (see [, 13]}, which roughly means that they can be decom-
posed into the same concurrent subprocesses. Then, an interleaving transition
system is given in which structurally congruent processes are given the same be-
haviour, by definition. This separation of “physical’ structure and behaviour is
intuitively clear, and simplifies the transition system to a large extent. In partic-
alar, the commutativity and associativity of parallel composition are handled on
the structural level, and replication is even handled completely-at the structural
level (reducing it to parallel composition).

In this paper we wish to put forward the general idea that the multiset (or
Petri net) semantics of a process algebra should also be used to express the
structure of the processes: if two processes have the same structure, they should
also have the same multiset semantics. Ideally we even would like two processes
to have the same structure if and only if they have the same multiset semantics.
Intuitively, the syntax of process terms that is needed to describe a multiset of
concurrent subprocesses, should not be present in that multiset; the syntactic
laws needed to describe multisets should in fact be sound, and preferably even
complete:

We define one big mulfiset transition system {or Petri net), called M7, and
we define a (compositional) semantic mapping that associates a state of Mnr
with each process of the small w-calculus. Thus, the mea,nmg of a process is
a multiset (or marking of the net Mr); intuitively, it is the multiset of all its
concurrent subprocesses. The Petri net M has one type of transition only, which
corresponds to the basic action in the small w-calculus: a communication between
two processes. In this way Ms is similar to the “object-oriented” interleaving
transition system of the small 7-calculus. Our main results on this semantics
are;

(A) the semantic mapping is a strong bisimmlation between the interleaving
transition system of the small m-calculus and the multiset transition system M,
and _

(B) if two processes of the small 7-calculus are structurally congruent, then
they have the same semantics in M.

Result (A) ensures that a process and its corresponding multiset in Mz have
the same (interleaving) behaviour. Result (B) means that two processes that
have the same structure also have the same multiset semantics. The converse
of (B) does not hold and thus the laws of structural congruence of the small
7-caleutus are sound, but not complete relative to the multiset semantics. We
suggest that the structural congruence should be extended in such a way that
(B} does hold in both directions; how to do this is open.

Our semantics satisfies, in a certain sense, the two requirements for a Petri
net gemantics to be a good’ semantics as formulated by Olderog in [15]. The
first requirement is that the interleaving semantics should be “retrievable” from
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the Petri net semantics in the sense that they should be strongly bisimilar; this is
exactly result (A). The second requirement is that the Petri net semantics should
reflect the “intended concurrency”. Although its formalization in [15] is not ap-
plicable here, we believe intuitively that it is fulfilled. The two CHAMs proposed
in [3] for the small 7-calculus both fail to satisfy the first requirement, due to
their heating rules. In our opinion, they also fail to satisfy the second require-
ment, the first CHAM because it uses cooling rules to implement o-conversion,
and the second CHAM because it has a non-distributed name server. The sec-
ond CHAM is strongly related to our multiset semantics; in fact, our semantic
mapping may be viewed as a one-stroke implementation of its heating rules.

The semantic mapping associates a multiset S in M7 with each process term
P. Intuitively, S is the decomposition of P into its concurrent subprocesses.
Thus, the semantic mapping is similar to the decomposition mappings of [5, 15];
however, as opposed to [5, 15, it also decomposes all (guarded) subterms of
P. Another difference is that it decomposes into multisets rather than sets; in
fact, the replication operation forces us to consider non-safe Petri nets. The
advantages of non-safe nets have been pointed out in [7}; runs (or “processes”)
of such nets have been studied in [8] (see also [6]). A final, essential, difference
with [5, 15] is that it is impossible to reconstruct P from S; in fact, such a
reconstruction would contradict the desired result (B).

2 The Small x-Calculus

We briefly recall the definition of the small #-calculus from {10].
Let N be an infinite set of names. The context-free syntax for process terms
is as follows (where we use a comma rather than | to separate alternatives):

P u= P, z(y).P, 0, P|P, P, (vy}P

with z,y € N. The strings Ty and z(y) are called guerds. The y in z(y).P and in
(v¥)P binds all free occurrences of y in P. We denote by fn(P) the set of names
that occur free in process P; thus, fn(P) C N.

Informally, process Ty. P sends the name y along the link z and then continues
as process P, and process z(y).P receives any name z along the link z and then
continues as process P[z/y], where P{z/y] denotes the result of substituting z for
all free occurrences of y in P (renaming bound names where necessary, as usual).
Parallel composition of processes P and Q is denoted P | @ as usual in CCS,
and 0 is the inactive process; (vy)P is the restriction of y to P, denoted P\y
in CCS. Finally, the process !P is the replication of process P and abbreviates
P|P|P]| - :

Structural congruence, denoted =, is the smallest congruence over the set of
all process terms such that

1. P = Q whenever P and @ are a-convertible,





