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ABSTRACT

The paper presents a method of reasoning about the behavior of asynchronous programs in
denotational models designed with metric spaces and continuation semantics for concurrency.
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1 Introduction

Metric spaces provide a convenient framework for designing denotational models of con-
currency [4]. The main mathematical tool used in this approach to semantics is Banach’s
theorem, which states that a contracting function on a complete metric space has a unique
fixed point. Contractions play a central role in designing and relating concurrency semantics
[21] and there is a general method of solving reflexive domain equations in a category of
complete metric spaces [1]. By using the methodology of metric semantics in [31] we intro-
duced a ”continuation semantics for concurrency” (CSC). The CSC technique can be used
to model both sequential and parallel composition in interleaving semantics while providing
the general advantages of the classic technique of continuations [12].

In continuation semantics a program is conceptually divided into a current statement
and the rest of the program. A continuation is a representation of the behavior of the rest
of the program, an evaluation context for the denotation of the current statement [16].
The distinctive characteristic of the CSC technique is the modeling of continuations as
application-specific structures of computations (partially evaluated denotations) rather than
the functions to some answer type that are used in the classic technique of continuations
[30]. Intuitively it is a semantic formalization of a (process) scheduler, a denotational sched-
uler. Computations are grouped in a continuation. There is one active computation (the
denotation of the current statement). Each computation remains active only until it per-
forms and atomic action. Next, another computation taken from the continuation is planned
for execution. In this way it can be obtained the desired interleaving behavior for parallel
composition.

We do not know whether the domain of CSC is fully abstract.! However, as continuations
are semantic evaluation contexts [16], it is easy to prove that a denotational semantics
designed with CSC is correct with respect to a corresponding operational model (see section
5 of [31]). Also, the domain of CSC is very general. Only the structure of continuations needs
to be adapted to the (concurrent) language under study [34]. In this sense the CSC technique
provides flexibility in the denotational design of concurrent languages. For example, in the
case of a sequential language a continuation can be a stack of computations. It is also
natural to use the concept of a multiset to represent parallel computations. For a general
combination of sequential and parallel composition a continuation is a tree of computations.

In this paper we use CSC to investigate the semantics of a simple concurrent language £
embodying a mechanism of asynchronous communication. We work within the mathemat-
ical framework of 1-bounded complete metric spaces, by following the approach advocated
in [3]. In theory syncronization is used because it is simple to express. Based on the re-
sults expressed in process algebra, asynchronous interaction is primitive, and syncronous
interaction could be expressed in terms of asyncronous interaction; see, e.g. [19]. Moreover,
asynchronous interaction is easier to implement. The relation between synchronous and

n fact, we are not aware of any full abstractness result for a concurrent language designed with continuations,
although various papers employ continuations in the denotational description of concurrent languages [3, 13,
2, 28].



Continuation Semantics for Asynchronous Concurrency 3

asynchronous communication is a topic of recent and current research [25, 35]. Although
synchronous interaction cannot always be expressed in terms of asynchronous primitives,
asynchronous interaction is a basic mechanism in many distributed computing systems, in-
cluding Internet and Web aplications.

The language £ that we study in this paper embodies the paradigm of asynchronous
communication introduced in [10]. The paradigm consists of a language based on a set of
atomic actions and operators for sequential composition, nondeterministic choice and paral-
lel composition. The semantics of atomic actions is defined with respect to an abstract set
of states; the model includes special states indicating suspension and deadlock. The atomic
actions are interpreted as state transformations. As explained in [10], various asynchronous
computing models can be obtained as instances of this paradigm, including concurrent con-
straint programming [29], and also in other languages like dataflow and asynchronous CSP.
L extends the paradigmatic language studied in [10] with recursion.

For the language under consideration, we show that the semantic operators designed with
CSC satisfy some concurrency laws, such as the associativity and commutativity of parallel
composition. Continuation-based models rely heavily on manipulations of higher-order func-
tions. It may be difficult to reason directly in terms of higher-order functions. Therefore we
introduce a left merge operator and we obtain a finite axiomatization of the parallel com-
position (or merge) operator. Any nonrecursive asynchronous concurrent program is thus
provably equivalent to a corresponding nondeterministic sequential program. Obviously, the
approach is inspired by classic process algebra theories [23, 8] this approach being adapted
by us to a continuation-based framework.

The main contribution is given by the proofs that continuation semantics satisfies some
basic laws such as the associativity of the parallel and sequential composition operators. Each
semantic property, also called a law here, can be proved by identifying a corresponding invari-
ant of the computation. Such an invariant is expressed as a relation between continuation
structures. The identification of semantic properties from the invariants of the computa-
tion is common in classic bisimulation semantics [22]. The idea is adapted to a denotational
framework based on continuations, by using arguments of the kind ’%- e <e=¢e=0, which
are standard in metric semantics [3]. In our case ¢ is the distance between two behavioraly
equivalent continuations, before and after a computation step, respectively. The effect of
each computation step is given by the % contracting factor. Therefore ¢ = 0 and the desired
property follows.

The rest of the paper is organized as follows. Section 2 presents some theoretical pre-
liminaries. Section 3 defines formally the language £ and presents a mathematical structure
that we use to define the domain of continuations. In section 4 we present a denotational
semantics for £ designed with CSC. In section 5 we prove the various laws that are satis-
fied by this semantics; we obtain a finite axiomatization of parallel composition. Section 6
provides some concluding remarks and objectives of future research.



Continuation Semantics for Asynchronous Concurrency 4

2 Preliminaries

The notation (r €)X introduces the set X with typical element x ranging over X. Let
feX =Y be a function. The function [ f | x — y] : X =Y, is defined (for z,2'€ X, yeY)
by: [flz+— y](z') = if 2’=x then y else f(z'). We use the notation [ f|z1+—y; | zo — yo
as an abbreviation for [[f | 1 — y1] | za — yo]. If f: X =X and f(x) = x we call x a fized
point of f. When this fixed point is unique (see Theorem 2.1) we write z = fiz(f).

The denotational semantics given in this paper is built within the mathematical frame-
work of 1-bounded complete metric spaces, following the approach advocated in [3]. We work
with the following notions which we assume known: metric and ultrametric space, isometry
(distance preserving bijection between metric spaces, denoted by '22’), complete metric space,
and compact set.

2.0.1 Examples.

1. Let X be an arbitrary set. The discrete metric on X (d : X x X — [0,1]) is defined
(for z,y € X) as follows:

dlz,y) = 0 fzx=y
=1 ifzx#y

(X, d) is a complete ultrametric space.

2. Let (a €)A be a nonempty set, and let (x,y €)A> = A*U A¥, where A*(A¥) is the set
of all finite (infinite) sequences over A. One can define a metric over A as follows:

d(z, y) = 2~ swlnlat=ym)

where z(n) denotes the prefix of = of length n, in case length(z) > n, and x otherwise
(by convention, 27 = 0). d is a Baire-like metric. (A%, d) is a complete ultrametric
space.

We recall that if (X,dy), (Y,dy) are metric spaces, a function f:X —Y is a contraction
if JeeR, 0<c<1, Vo2 € X @ dy(f(x1), f(xe))<c-dx(z1,22). In metric semantics it
is customary to attach a %—contracting factor to each computation step. When ¢ = 1 the
function f is called nonexpansive. In what follows we denote the set of all nonexpansive
functions from X to Y by X Y. Banach’s fixed point theorem [7] is at the core of metric

semantics.

Theorem 2.1 (Banach) Let (X,dx) be a complete metric space. FEach contraction f :
X —X has a unique fixed point.
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Definition 2.2 Let (X,dy),(Y,dy) be (ultra) metric spaces. On (z €)X, (f€)X =Y (the
function space), (x,y)eX XY (the Cartesian product), u,veX +Y (the disjoint union of X
and Y, which can be defined by: X +Y = ({1} x X)U ({2} xY)), and U,VeP(X) (the
power set of X ) one can define the following metrics:

(a) dy y: X x X (0,1] dy. (21,20) = - dx(a1,25)
(b) dy .y : (X =Y) x (X =Y)—=0,1]

dy v (f1, f2) = supex dy (fi(2), f2(2))
(c) dxxy : (X xY) x (X xY)—|0,1]

dxxy ((z1,91), (%2, 92)) =

maz{dx (z1, x2), dy (y1,y2)}

(d) dxiy : (X +Y)x (X +Y)—[0,1]

dxsy(u,0) = if (1,0 € X) then dx (u,v)

else if (u,v€Y) then dy (u,v) else 1

(e) dy : P(X) x P(X)—[0,1]:

du(U, V) = maz{sup,cy d(u, V), sup,ey d(v, U)}

where d(u,W)=1infew d(u, w) and by convention sup D=0, inf =1 (dy is the Haus-
dorft metric).

We use the abbreviation P,.,(-) to denote the power set of non-empty and compact subsets

of ’-”. Also, we often suppress the metrics part in domain definitions, and write, e.g., % - X
instead of (X, d%_X).

Remark 2.3 Let (X,dy), (Y, dy),d%_X, dy _v,dxxy, dxiy and dg be as in Definition
2.2. In case dx,dy are ultrametrics, so are d%,X,dxﬁy,dXXy,dXer and dg. Moreover,

if (X,dy), (Y,dy) are complete then L - X, X =Y, X5Y, X x VX + Y, and Poeo(X)
(with the metrics defined above) are also complete metric spaces [3].

We also use the abbreviation Pfinite(-) to denote the power sets of finite subsets of ’-”. In
general, the construct Ppinite(-) does not give rise to a complete space. In our study, we use
it to create a structure that we endow with the discrete metric. Any set endowed with the
discrete metric is a complete ultrametric space.
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3 Syntax and continuation structure for £

The syntax of £ is given in BNF in Definition 3.1. The basic components are a set (a €)Act of
atomic actions and a set (x €)RV ar of recursion variables. There is a special symbol § € Act,
whose behavior is explained below. ;, + and || are operators for sequential, nondeterministic
and parallel composition, respectively. || is also called a merge operator, and || is the left
merge operator.

Definition 3.1 (Syntaz of L)
(a) (Statements) s(€ Stat) i=al|z|s;s|s+s|s|s]|s] s
(b) (Guarded statements) g(€ GStat) :=al|g;s|g+glaglls]|yllg
(d) (Declarations) (D €)Decl = RV ar — GStat

(e) (Programs) (p €)L = Decl x Stat

The meaning of atomic actions is defined by an interpretation function I : Act — ¥ —
({1} UX), where (0 €)X is a set of states. If I(a)(c) =1 the action a cannot proceed in state
0; its execution is suspended. When all processes are suspended deadlock occurs. Notice that
1(0)(0) =1,Vo € 3, i.e. the action  suspends in all states. £ incorporates the mechanism of
asynchronous communication studied in [10]. As explained in [10], this form of asynchronous
communication can be encountered in concurrent constraint programming, and also in other
languages like dataflow or asynchronous CSP.

We employ an approach to recursion based on declarations and guarded statements [3]. In
a guarded statement each recursive call is preceded by at least one elementary action, which
guarantees the fact that the semantic operators are contracting functions in the present
metric setting. For the sake of brevity (and without loss of generality) in what follows we
assume a fixed declaration D € Decl, and all considerations in any given argument refer to
this fixed D.

For inductive proofs we introduce a complexity measure ¢ that decreases upon recursive
calls. ¢ is well-defined due to our restriction to guarded recursion.

Definition 3.2 (Complexity measure) The function < : Stat =N is given by

s(a) 1
<(z) = 1+<(D(x))
s(siopsz) = 1+c(s1) op €{;, [}
S(syop s2) = l+max{s(s1),s(s2)} op €{+, |}

In the CSC approach a continuation is a structured configuration of computations. For
example, in the case of a sequential language a continuation is a stack of computations. It is
also natural to use the concept of a multiset to represent parallel computations. For a general
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combination of parallel and sequential composition a continuation is a tree of computations
with active computations at the leaves. For example, when the denotation of a program
fragment (s; || s2); s3 is computed, the denotations of s; and s, become leaves in such a tree
and the denotation of s3 becomes an inner node. This behavior is inspired by the concept
of a cactus stack [9], a stack with multiple tops that can be active concurrently. In order to
define such domains of trees of computations we employ a (partially ordered) set of identifiers
Id. (a €)1d is the set of all finite, possibly empty,sequences over {1,2}, and o < o iff «v is
a prefix of /.

In this paper we use the symbol ’-” as a concatenation operator over sequences, hence we
can represent any nonempty identifier o« € Id by a finite sequence o« = iy - ... - i, where
i1, .., 0 € {1,2}. We use the symbol A to represent the empty sequence over {1,2} (A € Id).

Definition 3.3

(a) Let (o €)Id = {1,2}* be a set of identifiers, equipped with the following partial ordering:
a<a’iff  =a-iy-.. iy foriy, e i, € {1,2},n > 0. We definea < o iffa <o
and o # o/. If A € P(1d), we denote by <, the restriction of < to A.

(b) We define a function maz : P(Id) —=P(Id) by:
maz(A) = {a | @ is a maximal element of (A, <4)}

Remark 3.4 \ < «, for any o € Id, which means that X is the least element of Id. Also,
when A € P(Id), o is a maximal element of (A, <a) if « € A and Vo' € A : =(a < ).
The concept of a tree that we use in this paper is taken from set theory, where a tree is a
partially ordered set in which the predecessors of each element are well-ordered. A set is
well-ordered if it is linearly ordered and every nonempty subset has a least element. A set is
linearly ordered if any two elements are comparable. There are several books on set theory
that provide formal definitions of these concepts; see, e.g., [20]. Here we only explain the
concept of a tree by means of an example.

(Id,<) is a partially ordered set, i.e. < is a binary relation over Id which is reflezive,
transitive and antisymmetric. In this paper we only work with finite trees. If A C Id is a
finite subset of Id then (A, <) is a finite tree. For example, let A= {a-1,a-2,a-1-1,-1-2,
a-2-1,a-2-2,a-1-1-1}, for some o € Id. (A, <4) is a finite tree. The maximal elements of
(A, <a) are exactly the leaves of the tree: max(A) ={a-1-1-1,a-1-2, a-2-1,c0-2-2}.
The predecessors of each element in A are well-ordered. For example, a«-1-1-1>a-1-1
and a-1-1> - 1. The set of predecessors of a-1-1-1is{a-1-1,c- 1}, which is linearly
ordered, i.e. any two elements in {o-1-1,a -1} are comparable. In general, oy and as are
comparable iff oy < ag or as < ;. Obuiously, every nonempty subset of {a-1-1, -1}
has a least element. In fact, every finite linearly ordered set is well-ordered.

Let (z €)X be a metric domain, i.e. a complete metric space. We use the following
notation:
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X ™ Priie(Id) x (Id— X)

Let o € Id, (7,0) € { X[} with 7 € Pfinie(Id), 0 € Id— X. We define id : {| X[} = Prinite(Id),
id(m,0) = m. We also use the following abbreviations:

(m,0)() "= 6(a) (€ X)

(m6)\a "= (w\{a},0) (e 4X[)
[(m.0) [ama] " (wUfa}[0]amz]) (€ {X])

The basic idea is that we treat (m,6) as a 'function’ with finite graph {(a,0(«)) | @ € 7},
thus ignoring the behaviour of 6 for any « ¢ 7 (7 is the 'domain’ of (7,0)). We use this
mathematical structure to represent finite partially ordered bags (or multisets)? of compu-
tations. The set Id is used to distinguish between multiple occurrences of a computation
in such a bag. We endow both sets Id and Prfinie(Id) with discrete metrics; every set with
a discrete metric is a complete ultrametric space. By using the composite metrics given in
Definition 2.2 {{ X[} becomes also a metric domain. The operators behave as follows. id(7, )
returns the collection of identifiers for the valid computations contained in the bag (7, ),
(7, 0)(«) returns the computation with identifier «, (7, 6) \ @ removes the computation with
identifier «v, and [ (7, 60) | a — z] replaces the computation with identifier a.

By a slight abuse, we use the same notations (including the operator id and the abbre-
viations (-)(a), (-) \ o, [- | @ = x]) when (z €)X is an ordinary set: { X[} = Prinite({d) X
(Id —X); in this case we do not endow {| X[} with a metric.

4 Continuation semantics for L

We design a continuation-based denotational semantics for £. As a semantic universe for
the final yield of our denotational model we employ a standard linear-time domain (p €)P =
Prco(X*UE*- {6} UX¥). Here ¥*(3¢) denotes the collection of all finite (infinite) sequences
over X. An element of ¥* - {¢} is a finite sequence terminated with the symbol §, which
denotes deadlock. Also, we use the symbol A to represent the empty sequence. This is a slight
abuse of notation since we also use the symbol A to represent the empty sequence over {1,2};
however it is always clear from the context which is the type of A (either A € Id (= {1,2}*),
or A € ¥*). We view (¢ €)X*UX* - {0} UX¥ as a complete ultrametric space by endowing
it with the Baire metric (see section 2). We use the notation o -p = {o - ¢ | q € p}, for any
o € ¥ and p € P. The type of the denotational semantics [-] for £ is Stat — D, where:

D = Cont—Y P
(v €)Cont = Id x Kont
(k€)Kont = {5-D|}

2We avoid using the notion of a partially ordered multiset which is a more refined structure — see [6], or chapter
16 of [3].
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In the equations given above the sets X, Id (and Ppipite(Id)) are endowed with the discrete
(ultra)metric. The composed metric spaces are built up using the metrics of Definition 2.2.
To conclude that such a system of equations has a solution, which is unique up to isometry,
we rely on the general method developed in [1]. The solution for D is obtained as a complete
ultrametric space. In [1], the family of complete (ultra)metric spaces is made into a category
C. It is proved that a generalized form of Banach’s fixed point theorem holds, stating that a
functor F : C — C that is contracting (in a sense) has a unique fixed point (up to isometry).
Intuitively, in the equation above the relevant functor is contracting as a consequence of the
fact that the recursive occurence of D is preceded by a % factor.

The construction {|5- D[} = Ppinire(Id) X (Id — 5 D) was introduced in section 3. In the
sequel ¥ ranges over Id — % - D. We call an element of Kont a closed continuation and an
element of Cont an open continuation. A (closed or open) continuation is a representation
of what remains to be computed from the program [30]. A closed continuation v € Kont
is a self-contained structure of computations. An open continuation (o, x) € Cont behaves
like an evaluation context [16] for the denotational mapping [-]. In an expression [s](«, k),
[s] is the active computation which is evaluated with respect to («, ). Intuitively, an open
continuation («, k) is a structured configuration of computations which contains a hole,
indicating the conceptual position of the active computation. The position of the "hole’
is given in this representation by the identifier v, which is not an element of id(x) ([-] is
designed to preserve this invariant property: « ¢ id(x) and a € max({a} Uid(k))).

The denotational function [-] is defined in 4.1 with the aid of a mapping k¢, which
is called a scheduler. The denotational function maps an open continuation to a program
behavior. After producing an elementary step the denotational function transmits the control
to the scheduler. The scheduler receives as parameter a closed continuation s which it
maps to a corresponding program behavior. If the continuation « is empty (id(x) = 0) the
scheduler terminates the computation. Otherwise the scheduler activates a computatation
(denotation) selected in a nondeterministic manner from the continuation; it decomposes a
closed continuation into a computation and a corresponding open continuation and then it
executes the former with the latter as continuation.

The semantics of nondeterministic choice in £ is given by the operator 4+ : (P x P) — P.
This definition reflects that p; 4+ps blocks only if both p; and p, block. It is easy to check that
+ is well-defined, nonexpansive, associative, commutative and idempotent. Also, p+{d} = p,
for any p € P.

pitp2={qlqg€piUps,qg#3U{d|d€piNpa}
Definition 4.1 (Denotational semantics for L)

(a) Let kc: Kont =Y —P be given by:

ke(r)(o) = if (id(k) = 0) then {A} else +acmas(iar)) K(a)(a,k\ a)(o)
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(b) We define ® : (Stat — D) — (Stat — D) (for ¢ € (Stat — D)) by:
®(¢)(a)(a,k)(0) = if (I(

a
else I(

O(0)(x)(a, K)(0) = <I>(¢)(D(x))(aaff)(0)
O(9)(s1; 52) (a0, K)(0) = D(P)(s1)(ex- 17[H|aH¢(82)])(0)
O(9)(s1 + s2) (v, k) (o) = D(P)(s1)(cv, k)(0) + D(P)(s2)(ex, ) (0)
(@) (s1ll s2)(ev, k)(0) = @(P)(s1)(a- 1, [k [ -2 d(s2)])(0)
(@) (s1 || s2)(ev, k)(0) = P(P)(s1)(a-1,[r]a-2=d(s2)])(0) +
(9)(s2) (-1, [k [ - 2= ¢(s1) ) (o)

(c) We put [-] = fiz(®). Let ag = A, and ko = (0,9), where ¥y(a) = [§], Vo € Id.
(v, ko) € Cont is the empty continuation. Notice that kc(ko)(o) = {A}, for any
o € 3. We also define D[] : Stat =X —P by:

D[s] = [s](ao, ko)

The semantics of atomic actions is defined with the aid of the interpretation function
introduced in the paragraph that follows after Definition 3.1.

A continuation is a tree of computations with active elements at the leaves (the maximal
elements with respect to '<’). In the case of a sequential composition (s;;s3) the computa-
tions [s1] and [s2] are given the identifiers o+ 1 and «, respectively (-1 > «). The scheduler
function kc gives priority to the computations at the leaves of the tree that represents the
continuation. Therefore [s2] will only be evaluated after the completion of the evaluation
of [s1]. In the case of a parallel composition (s; || s2) the computations [s;] and [ss] are
given identifiers (-1 and « - 2) that are incomparable (with respect to <) therefore the
computations [s1] and [s;] are evaluated in an interleaved manner.

The denotational semantics [-] is defined as the (unique) fixed point of the higher-order
mapping ®. It may not be obvious why on the right-hand sides of the equations given in
Definition 4.1(b), in some places we use ®(¢) while in others we use ¢. The definition of ®(¢)
is organized by induction on ¢(s) (see Definition 3.2). The computations ¢(s) only occur in
the continuation and are always executed after an elementary step performed by the active
computation. This step ensures the contractiveness of ® and is reflected by the % - factor in
the definition of the domain of computations. Definition 4.1 is justified by Lemmas 4.2 and
4.3, whose proofs are omitted. Similar Lemmas are given in [31, 32]. See, e.g., the proofs of
Lemmas 3.13 and 3.14 in [31].3

3In Lemma 4.3(b), <I>(¢)) (s) is (only) nonexpansive (rather than contractive) in the continuation. Still, this
implies that ® is 5 - -contractive in ¢. Intuitively, the dlstance between denotations halves while they are
stored into a continuation. This is a consequence of the 2 5 + -contracting factor in our domain equation. This
also explains the occurence of the multiplication factor ’2-’ (rather than ’s - ’) in Lemma 4.2(b).
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Lemma 4.2
(a) The mapping ke (see Definition 4.1) is well-defined.
(b) VK1, ko € Kont : d(kc(ky), ke(ke)) < 2 - d(Kq, ko)
Lemma 4.3 For all ¢ € (Stat = D), s € Stat,« € Id,x € Kont,o € X:
(a) ®(o)(s)(a, k)(o) € P (it is well defined),
(b) ®(¢)(s) is nonexpansive (in (a, k)), and

(c) @ is 5 - contractive (in ¢).

5 Concurrency laws in continuation semantics

We present a method of describing the behavior of concurrent systems in a denotational
model designed with CSC, using a representation of continuations as structured configura-
tions of computations. For the language £ we show that the semantic operators satisfy laws
that are usually included in concurrency theories, such as the associativity and commuta-

tivity of parallel composition.

Various properties can be proved for all continuations by simple manipulations of the

equations that define the denotational mapping [-].

Lemma 5.1 For all s, s1, 59,83 € Stat :

(a) [
b) [
(c) [
(d) [
(e) [s+d] =1[s]
(f) [6;s] =[9]
(9) [s1 ]l s2] = [s1l 52 + szl 51]
(h) [

s1+ s2] = [s2 + s1] (commutativity of +
(s1+ 82) + s3] = [s51+ (82 + s3)] (associativity of +
s+ s] =[s] (idempotency of +
(s1 4 s2);83] = [s1; 83 + s2; 53] (right distributivity of ; over +

(s1+s2) |l s3] = [s1ll 53+ sz s3] (right distributivity of || over +)

(i) [s1] s2] =[s2 | s1] (commutativity of ||)

Proof: In order to prove that [s] = [3], for s,5 € Stat, it is enough to show that

[s](c, k) (o) = [8](e, k)(0), for arbitrary («, k) € Cont, o € 3.

(a) [s1+ s2](e, 5)(0)

= [s1](a, k) (o) + [s2] (e, k) (o) [+ is commutative]

= [s2](, #)(0) + [s1](e, ) (o)
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= [s2 + s1](a, k) (o)
(b) [(s1+ s2) + s3](cv, 5)(0)

[
[s1](cv, k) (o) + [s2](av, k) (o)) + [s3] (e, K)(0) [+ is associative]
(

= [s1+ (52 4 83)] (e, 5)(0)
(a) [s+s](a, k)(o)

= [s](a, k)(0) + [s](cr, k) (o) [+ is idempotent]

= [s](e, k) (o)
(d) [(s1+ s2);83](cx, ) (0)

= [s1 4+ s2](e- 1[5 | a = [s3]])(0)

=[s:l(a-L[r]a = [ss]])(o) + [s2](e- 1, [ 5 [ @ = [s5]])(0)
[s1: s3] (v, 6)(0) + [52; s3] (e, £) (o)

= [(s1;53) + (525 83)[ (v, &) (o)

12
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= [s1[L s2](ev, 5)(0) + [s2 | s1] (v, k) (o)
= [s1[Ls2 + s2[L s1](a, K)(0)
() [(s1+ s2) [l s3](cv, k) (o)
si+so](a-1, [k a2 [s3]])(0)
sif(a-L[r]a-2= [ss]])(0) + [s2](a- 1 [w [ a 2 [s5]])(0)
st |l ss](e, k) (o) + [s2|[ s3] (ev, 5)(0)
(s1lls3) + (s2|l s3)](cx, ) (o)
(i) [s1 | s2](e, 5)(0)
=[s1il(a-L[r]a 2= [s:]])(0) + [s2](a- L [6 [ a-2 [s1]])(0)

=
=1
=1
=

[+ is commutative]
=[s2](e- L[k |a- 2= [s1]])(0) + [s1](a- 1[5 | - 2= [s2]])(0)

= [s2 || s1)(cv, w)(0) u

5.1 Continuations and configurations

All the above proofs are straightforward. However, the flexibility provided by continuations
comes at a price. Some properties may require more complex arguments and can be obtained
for continuations that contain only denotations of program statements. We introduce the
auxiliary notion of a configuration and a notion of isomorphism over configurations. A
configuration is a structure of £ statements. A continuation may contain arbitrary values
of the type D. We prove the desired properties for continuations that can be obtained as
semantified versions of configurations, i.e. for continuations that contain only denotations
of statements. This represents an invariant of the denotational semantics, and ensures its
consistency just because the initial continuation is empty and the denotational semantics
adds to the continuation only denotations of statements. The function K defined in 5.2(b)
maps a configuration to a corresponding continuation.

Definition 5.2

(a) We define the set of closed configurations (k €)Konf = {Stat}}.* A closed config-
uration is a finite (partially ordered) bag (multiset) of statements (€Stat). Also, we
define the set Conf of open configurations by:

“In this case the construct { - |} is used to define an ordinary set; see the explanation given in the final part
of section 3.
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Conf = {(a, k) | (o, k) € (Id x Konf),a ¢ id(k), a € maz({a} Uid(k))}

(b) We define K : Konf —Kont as follows: K(k) = (id(k),?), where ¥(a) = [k(a)], Vo €
Id.

Definition 5.3

(a) We say that two closed configurations ki, ko € Konf are isomorphic, and we write
ki = ko, iff there exists a bijection p : id(ky) — id(ks) such that:

(i) we) < p(a”) o <o, Voo €id(k)
(ii) ka(p(e)) = kr(a),  Va € id(ky)

(b) We say that two open configurations (cq,ky), (ce,ke) € Conf are isomorphic, and write
(o1, k1) = (g, ko) iff there exists a bijection p : ({aq} Uid(ky)) — ({ao} Uid(ks)) such
that:

(1) plar) = o
(ii) p(a) < p(a")ed <o’ Vo, o€ {an} Uid(k)
(1i1) ko(p(a)) = ki(a), Va € id(k)

Obviously, V(a, k) €Conf:(a, k)= (a, k) and if (o, k1), (az, ko) € Conf then (g, k1) = (a, k2)
= k1 = ky. Also, the following Lemma is given without proof (which is simple enough and
can be used by the reader as proof exercise).

Lemma 5.4 For all k, ki, ks € Konf
(a) For any a € Id,s € Stat: K[k|a— s]=[K(k)|a [s]]
(b) id(k) = id(K (k)
(¢) If ky = ky then id(ky) = 0 < id(ky) = 0
(d) K(k)\ a=K(k\a), for any a € Id.
(e) If a ¢ id(k) then ([k | a > s]\ a) = k.
(f) For any s € Stat and a, o’ € Id, o/ # a: [k|a—s]\ o' = [k\d | aws s].

In Corollary 5.6 we show that any two continuations that correspond to isomorphic
configurations behave the same. This result is obtained by combining Lemma 5.5 with
an argument e < % e = ¢ = (0. Lemma 5.5 identifies the property - in this case the
isomorphism between configurations - that is preserved by each computation step. The
effect of each computation step is given in the present metric setting by the %—contracting
factor.
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Lemma 5.5

(a) Forallky, ky € Konf with ky = ky and o € 3, there exists s € Stat, (@, k1), (@, k) €
Conf with (ay, ki) = (Qg, ko) such that:

d(ke(K (k1))(0), ke(K (ko)) (o)) <
d([s](@, K (k1))(0), [51(@2, K (k2))(0))

(b) For all s € Stat,(ay, k1), (ag, k2) € Conf with (au, ki) = (ag, ko) and o € ¥, there
exists s € Stat, (oq k1), (G, ko) € Conf with (ay, k1) = (Qa, ko) and & € ¥ such that:

d([[s] (e, K(k1))(0), [s](z, K(k2))(0)) <
3 A([51(@1, K(k0)(@), [5](@2, K (k2)) (7))

Proof: For 5.5(a) we distinguish two subcases. If (by Lemma 5.4(b) and (c)) id(K (k1)) =
() = id(K (k1)) then

d(kc(K (k1))(0), ke(K (k2))(0)) = d({A}, {A}) = 0.
Otherwise,

d(kc(K (k1)) (0), ke(K (k2)) (o))

= d(Faemastid(x (k) I (k1) (@) (o, K (k1) \ a)(0),

Faemaz(ia(i (k) I (F2) (@) (a, K(k2) \ @)(0))  [Lemma 5.4(b)]

= d(+aemax(zd<k1 ( V(@) (e, K (k1) \ a)(o),

Facman(id(k) K (k2) (p(a)) (u(@), K (k) \ pla)) (o))
[+ is nonexpansive]
= maz{d(K (k1) (o) (o, K (k1) \ @) (o), K (k2)(p(a)) (), K (k2) \ pla))(0))
| o € max(id(ky))} [Lemma 5.4(d)]

= maz{d([s](a, K(k1 \ a))(0), [s](n(e), K (k2 \ p(@)))(c))
| o € max(id(k1)), s = ki(r) = ka(pu())}

where p : id(ky) — id(k2) is a bijection that satisfies the properties given in Definition 5.3(a).

As by = ko, (k1 \ ) = (u(a), k2 \ p(a)) € Conf, for any o € max(id(ky)). Therefore

Js € Stat,@ € Id," such that 5 = k(@) = ko(u(@)), (@, ki \ @) = (u(@), ko \ u(@)) and
d(ke(K (k1))(0), ke(K (k2))(0))

Sa € max(id(k1)).
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< d([s](@, K(k: \@))(0), [s1(1(@), K (k2 \ p(@)))(9))

which concludes the proof of 5.5(a).
Next, we treat 5.5(b) by induction on ¢(s). Four subcases.

Case [s = a] when I(a)(o) =1.

d([a](ar, K(k1))(0), [a] (a2, K(k2))(0))
= d({0},{0}) =0
Case [s = a] when I(a)(c) =7 € X.

(
(@, k1) = (Q, k) € Conf such that:
(@), [5](@2, K (k2))(@))

Case [s = z]

d([=](ar, K(k1))(0), [x] (2, K (k2))(0))

= d([D(2)] (o, K (k1))(0), [ D()](az, K (k2))()) 502

One can use the induction hypothesis (¢(D(z)) < ¢(z)) and infer that 35 € Stat,
(@1, k1) = (@, ko) € Conf, such that:

0502 < 5 - d([s] (@1, K (71))(@), [5](@, K(F2))(@)
Case [s = s1]] 52

d([s1 L s2](en, K(k1))(0), [s1[L s2](aa, K(k2))(0))
d([s1](on - 1,[ K (k1) [ a1 - 2= [s2]]) (o),
[s1](c - 1, [ K (k2) | @z -2+ [s2]])(0)) [Lemma 5.4(a)]
d([s1](aq - 1, K[ky | aq -2+ s2])(0),
[s1](as - 1, K[ks | 2 - 2+ 55])(0)) O35
It is easy to check that (aq, k1) = (aw, ko) implies
(o - L[k |on -2 s9]) Z (-1, [ka| ag -2+ s9])

For example, if p: ({a1} Uid(k1)) — ({a2} Uid(ks)) is a bijection that satisfies
the properties given in Definition 5.3(b), we can prove the above isomorhism by
defining a bijection ' as follows:®

SNotice that:
’Ld([kl | aq - 2 52]) = {011 . 2} U Zd(kl)
’Ld([kg | a9 - 2 52]) = {012 . 2} @] Zd(kg)
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o ({og -1 ap -2 Uid(ky)) = ({ag - 1, ag - 2} Uid(ks))
Wiap-1)=ay-1

o 2) =ay-2

' (a) = p(a), for any o € id(ky)

Therefore, as ¢(s1) < ¢(s1|[ s2), we can use the induction hypothesis and we infer
that 35 € Stat,7 € %, (@y, k1) = (@y, ky) € Conf, such that

G563 < 1. q([5](@, K (k1))(@), [5] (a2, K (ks)) (7))
Case [s = s1 || s2]

d([s1 || s2](cr, K(k1))(0), [s1 1] s2
= d([[Sl]](Oél . 1, [K(kl) | oy -2 >

=

(a2, K(k2))(0))
s2]]) (o) +
[s20(0n - 1, [K (k1) | a1 -2 = [s1]])(0),
[s1](az - 1,[K(k2) [ a2 - 2= [s2]])(0) +
[s2](az - 1,[K(k2) | a2 - 2= [s1]])(0))
[Lemma 5.4(a), + is nonexpansive]
<maz{d([s1](cq - 1, K[k1 | a1 - 2 — $2])(0),
[si)(az - 1, K[ka | @z - 2+ 52])(0)) G20
d([se](ar - 1, K[ky | aq -2+ s1])(0),
[sa](az - 1, K[ks | @z -2+ s1])(0)) G209}
It is easy to check that (aq1,k1) = (a9, ks) implies

=

(Oél'l,[k’l|Oé1'2>—)82])g(0é2'1,[k’2|Oé2'2|—>82])
(Oél'l,[kl|Oé1'2|—>81])g<042'1,[]€2|042'2|—>81]>

For the first isomorphism we can define a bijection exactly in the same way as we
did for the subcase [s = s1|| s2]. As ¢(s1) < <(s1 || s2), we can use the induction
hypothesis for 544 and we infer that 35 € Stat, (ay, ki) = (ay, ky) € Conf
and o € X such that:

o0 < 5 - d([3) (@, K (k) (@), [5] @2, K (F2))(@))
(5:505) can be handled in a similar manner and the desired result follows imme-
diately. m

Corollary 5.6
(a) For all s€ Stat, (o, k1) = (ag, ka) (€Conf): [s](cq, K(k1))=[s](aq, K(k2)).
(b) For all ky = ky (€ Konf): kc(K (k1)) = ke(K(kz)).
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Proof: Let
(w )W = { (s, (o1, k1), (a2, k2), )
| s € Stat, (o, k1), (a2, ka) € Conf : (ar, ki) = (a2, k), 0 € X}

For (s, (a1, k1), (ag, k2),0) € W we use the notation:

er(s, (a1, k1), (az, ko), 0) "= d([s](ou, K (k1)) (o), [s] (a2, K (k2)) (o))

Let (s, (o, k1), (ag, k), 0) € W. By 5.5(b) there exists (3, (ay, k1), (qa, k2),5) € W such
that:

e1(s, (o, k1), (g, ko), 0) < % - e1(3, (@1, k1), (@2, ko), T)

and thus sup _ er(w) < 1. sup, _,, €1(W0), where w = (s, (a1, k1), (az, k2),0) and w =
(5, (@1, k1), (@2, k2),@). This means that we have sup _ =~ e/(w) =0, ie.

d([s](cn, K(k1))(0), [s] (o2, K(k2))(0)) = 0 and thus [s](ar, K(k1))(0) = [s](az, K(k2))(0)
for any ¢ € ¥, which implies Corollary 5.6(a). Corollary 5.6(b) follows immediately from

Lemma 5.5(a) and Corollary 5.6(a). |

5.2 Continuations and syntactic contexts

We show that in the CSC approach continuations can be used to reason in a compositional
manner upon the behavior of concurrent programs. For this purpose we introduce a notion
of syntactic context for the class of £ statements.

Definition 5.7 (Contexts for L)
C:=(()]alx|C;C|C+C|C|C|C|C

We denote by C(s) the result of substituting s for all occurences of (+) in C. Formally, this
substitution can be defined inductively: (-)(s) = s,a(s) = a,z(s) = z and (Cy op Cy)(s) =
C11(‘9) op 02(5); where op € {;>+> |_|_> ||}

Lemma 5.8 shows that program properties are preserved in any syntactic context by
all CSC continuations containing only denotations of statements. The proof relies on an
auxiliarry Lemma 5.9 which involves again the identification of an appropriate computing
invariant and the use of contraction ¢ < % -e=e=0.

Lemma 5.8 If sy, s € Stat are such that for all (o, k) € Conf:
[s1](a, K(k)) = [s2](e, K())

then for all (o, k) € Conf and for all contexts C':
[C(sD)](a, K(k)) = [C(s2)] (e, K())
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Proof: By structural induction on C. Cases [C' = a] and [C = z] are trivial. The
case [C' = (-)] follows by the assumption. A non-trivial case is the context for parallel
composition [C' = C; || Cy]. Let (a,k) € Conf and ¢ € 3. We have to prove that
[(Cy || C2)(s1)](ex, K(K))(o) = [(Cy || C2)(s2)](cr, K(k))(0). We compute as follows:

(a,
[(Cy || Co)(s)l(a, K(K)) (o) = [Ci(s1) || Cals1)] (e, K (K))(0)
= [Ci(s)](a- 1, [K(K) [ a2 [Ca(s1)]]) (o) B30+
[Cas)](e- LK (k) | a2 = [Ci(s)]]) (o) ©52
We handle &1 first.
G8D = [Ci(s)] (- 1, [K(k) | a- 2= [Co(s1)]])(0)  [Lemma 5.4(a)]
= [Ci(s)](a- 1, K[k [ a-2+ (Cz(s1))])(0) [Ind. hyp]
= [Ci(s2)](a- 1, K[k [ a-2— (Ca(s1))])(0) [Lemma 5.4(a)]
= [Ci(s2)](a- 1, [K(F) | - 2= [Ca(s1)]])(0)
(a, k) € Conf implies (- 1,k) € Conf. By the induction hypothesis:
[Ca(s1)] (e~ 1, K(k))(0) = [Ca(s2)](er - 1, K (K))(0)
Hence, by Lemma 5.9(b) we have:
[Ci(s2)](a- LK (K) | a2 [Ca(s1)]])(0)
= [Ci(s2)](a- L [K (k) | a- 2= [Ca(s2)]])(0)
Similarly:
682 = [Co(s)](a- 1, [K(K) | a- 2= [Ci(s1)]])(0)
= [Cals2)[(a- L[K (k) | - 2= [Ci(s2)]])(0)
Therefore:
[(C ]| Co)(s)](a, K(k)) (o) = O3V 4 G52
= [Ci(s2)[(a- LK (k) | o+ 2 = [Ca(s2)]])(0)+
[Ca(s2)] (e~ L [K(K) | a2 [Ci(s2)]])(0)
= [Ci(s2) || Cals2)](ev, K(K))(0) = [(C1 || C2)(s2)](ev, K(K))(o)
|

Lemma 5.9 If s1,s9 € Stat are such that [s1](o, K(k))(0) = [s2](c, K(k))(o) for all
(a, k) € Conf,o € X then



Continuation Semantics for Asynchronous Concurrency 20

(a) for allk € Konf,a € Id,c € ¥
ke[ K(k) [a = [s1]](0) = ke[ K (k) | @ [s2]](0)
(b) for all s € Stat, (a, k) € Conf,0 € X,a € Id,~(a > a):
[s](a, [K(k) [ @ = [s1]])(0) = [s](e, [K (k) [ @ = [s2]])(0)

Proof: For (a) we show that Vk € Konf,o € ¥,@ € Id, 35 € Stat, (o, k') € Conf such
that (@ > o/) and:

d(ke[ K(k) | = [s1]](0), ke[ K(k) [ @ = [s2]](0))
< d([s'T(e/, [K(F) [ = [s:]])(0), ['T(e, [K(K) [ @ [s2]])(0))

not.

= 50(8,7 (0/7 k,)u au S1, S2, O') (5:9.1)

For (b) we show that Vs € Stat,(a, k) € Conf,a € Id,oc € ¥ with =(a@ > «), 3Is €
Stat, (o, k') € Conf,o’ € ¥ such that —(a > ') and:”

ec(s, (o, k), @, s1, 89,0)
= d([s](a,[K (k) | @ [s1]])(), [s](a, [ K (k) | @ = [s2]])(0))
~d([s)( [ K(K) | @ = [si]]) (o), ['](e, [ K(F') | @ = [s2]])(0"))

(5.9.2)

<

NI= N

’ 80(8,7 (0/7 k/)u au S1, 52, OJ)

The invariant property that is preserved by the computation steps is given here by the
condition that («, k) € Conf and =(a@ > «).
Let

(we)W = {(s, (a, k), @, s1, S2,0)
| 5,551,582 € Stat, (a, k) € Conf,@ € Id,~(a@ > «a),0 € X}
We infer that
supwew c(w) < 5+ supwew e.(w')
where w = (s, (o, k), @, $1, 82,0),w" = (5, (a/, k'), @, s1, 2, 0"). But

SUPwew 5c(w) = SUPw'ew 5c(w,)

Therefore we infer supyew €.(w) = 0, which implies Lemma 5.9(b). Next, by using this

result and %1 we obtain immediately Lemma 5.9(a). In the sequel we prove Y and
(5.9.2)

First, we handle 9 _ Let k1, ko € Kont, ki, ks € Kont

"—(@ > ) is the invariant property that is preserved by the computation steps.
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By Lemma 5.4(a), k1 = K(k1), ko = K(k2). Obviously, id(k,) = id(ke) = id(k) U {a}. Also,
by Lemma 5.4(b), id(k1) = id(ky) = id(ks) = id(ke) = id(k) U {@}. We distinguish two
subcases. If @ ¢ maz(id(k) U {a}) we compute as follows:

d(ke(k1)(0), ke(rz)(0))
= d(+aemaz(idr) £1() (@, k1 \ @) (0), Faemar(iar) k2()(a, k2 \ @)(0))
[+ is nonexpansive]
= maz{d(ri(a)(a, k1 \ a)(0), ra(@)(a, k2 \ @)(0))
| a € max(id(k))} 3
By Lemma 5.4(a) and 5.4(d)
r\a=Kk)\a=Kk\a)=Klk\a|a— s |=[K(k\a)|a— [s1]]
ko\a=K(k)\a=K(k\a)=K[k\a|a— s]=[K(k\a)|a— [s]]
Also, notice that for any a € max(id(k)): r1(a) = ka(a) = [k(«)]. Therefore we have:
599 = maz{d([k(a)])(@, [K(k\ @) | @ [5:]])(0),
[F(a)](a, [K(k\ @) | @ = [s2] )(0))
| @ € max(id(k))}
Clearly, this means that 3s’ € Stat, (o/, k") € Conf with =(a@ > o/) such that:®
d(ke(k1)(0), ke(rz)(0))
< ([N [EE) o= [si] Do), [s'T(e, [K(K) [ @ = [s2]1)(0))
Next, we treat the subcase @ € (max(id(k)) U {a}). In this subcase:
d(ke(r1)(0), ke(r2)(0))

= d((+aemaz(idk)) ~@=a) k1 (@) (@, k1 \ @)(0)) + [s1](@, k1 \ @)(0),

8More precisely, for some o € maz(id(k)), s’ = k(a),o/ = a, k' =k \ a.
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(+aemaz(id(k)) ~@=a)k2(a)(a, ko \ a)(0)) + [s2](@, ko \ @)(0))
[+ is nonexpansive, #1 = K(k1), 5o = K(ko), k1 \ @2k = ky \ @,
Corollary 5.6(a)
maz{d([s:](@, K(k))(0), [s2](@, K(k))(0)),
maz{d(r1(@)(a, 51\ a)(0), ka(a)(a, k2 \ a)(0))
| @ € max(id(k)), ~(@ > a)}} G99

By assumption [s;](a, K(k))(o) = [s2](@, K(k))(o). Also, for any a € maz(id(k)), —(a >
@) : #1(0) = raa) = k(a), and w1\ = [K(\a) | & = [s]], s\ = [K(\a) | @ = [se] ]

Therefore:

494 = maz{d([k(e)] (e, [K(k\ @) [ @ = [s1]])(0),
[E(e)] (e, [K(k\ @) | @ = [s2]])(0))
| @ € mazx(id(k)),~(a > )}

Clearly, this means that 3s’ € Stat, (¢/, k") € Conf with =(a@ > ') such that:

d(ke(r)(0), ke(k2)(0))
< d([s'T(e', [K(F) [ = [s:]])(0), [s'T(e, [K(K) [ @ [s2]])(0))

This concludes the proof of 5.9(1).

In the sequel we prove (>92) . More precisely, we show that Vs € Stat, (o, k) € Conf, @ €
Id with =(@ > «a) and ¢ € ¥, 3¢’ € Stat, (¢/, k') € Conf with =(a@ > «) and ¢’ € ¥ such
that:

<C:C(Sa (Oé, k)a Q, S1,82,0 ) < % 50(8/7 (0/7 k/)a Q, 51, 52, OJ)
). Two subcases.

We proceed by induction on ¢(s

Case [s = a] when I(a)(0) =0’ € X.
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=3 60(8,7 (0/7 k/)u av S1, 52, OJ)
Case [s = s! || s

eo(st || 8% (o, k), @, s1, 89,0)
= d([s' || s’](a, [K(k) [ @~ [s1]])(0),
[s' 1| s*](e, [ K (k) | @ [s2]])(0))

d([s'](e- 1,[K (k) [ @ [s1] | a2 = [s°]])(0) +
[s*](a- 1L, [ K (k) [ @ [s1] |- 2= [s']]
[s'](c- 1L,[K (k) | @ [s2] |2 [5°]
[[ [ [

(

]]( LIK ()IOKH 8]]\042H s'11(0))

Lemma 5.4(a)]
< max{d([s'](a-1,[K[k]a-2— s*]|a— [s1]])(o),
[s'I(c- L[ K[k [ a2 s*] | @ [s2]])(0)) OO
d([s°’)(a- L[K[k]a-2=s'] @ [s1]])(0),
[s’I(a- L[ K[k [ a2 s'] | @ [s2]])(0) ©97 }
As (@ > o+ 1) and =~(@ > « - 2), we can apply the induction hypothesis and
we infer that 3s| € Stat, (o), k]) € Conf with =(a@ > «}) and o] € X, and
dsl, € Stat, (ah, k) € Conf with =(a > af) and o € ¥, such that:
G99 < 3 d([s1](ad, [ K (k) [ @ = [s1]])(01),

[$:)(er, [ (k) | @ = [s2]])(o7)) %)

GO < 5 d([s5] (g, [K(Ky) [ @ [s1]])(03),
[s2](0, [K(K5) | @ = [s2]])(o3)) 97
Finally, we obtain:
e.(s ]| 82 (a, k), @, 51, S9,0)
< maz{ G98)  697)
= maxz{3 - 50(51, (o, kD), @, s1,82,01), 5+ €c(sh, (0, KY), @, 51, 82,0%)}

This implies immediately the desired result. |

5.3 Concurrency laws

This section concludes with Theorem 5.12, which presents the main results of the paper.
Theorem 5.12 allows us to reason in a compositional manner upon the behavior of £ asyn-
chronous programs. The denotational semantics [-] preserves the following invariant prop-
erty: continuations contain only computations denotable by program statements. The initial
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continuation (g, ko) (see Definition 4.1(c)) is empty (contains no computations) and each
equation in the definition of [-] adds only denotations of statements to the continuation.
The properties given in Theorem 5.12 hold for continuations containing only computations
denotable by program statements, which is sufficient in practice. The proof of Theorem 5.12
uses some auxiliary results given as Lemma 5.10 and Lemma 5.11. Essentially, Lemma 5.10
and Lemma 5.11 identify (non-isomorphic) continuation structures - specific of sequential
composition and parallel composition, respectively - that behave the same.

Lemma 5.10 For all 3,s1,80 € Stat,o € X,a,a € Id,k € Konf such that (&,k) €
Conf,(a, k) € Conf, (& # a),~(a < a) and —(a < &) we have:

() ke[K(k) [ a [s1 || s2]](0) = ke[ K(R) [ a- 1= [s1] [ - 2= [s2]](0)
(b) [31(a [ K (k) [ o= [s1 || s2] ) (o) =
[s1(a, [K(k) | a- 1= [s1] [ - 2= [s2]])(0)

Proof: We use the notation Q(&, a), for &, € Id, to express the fact that & and « are
different® and incomparable with respect to '<’.

Q(&,a)" (=(a < @) A (=(a < &)
Also, we use the notation
Py(@, o, k)2 Q(&, @) A ((a, k) € Conf) A (o, k) € Conf)

P is the invariant property which is preserved by the computation steps.
We proceed as follows. For 5.10(a) we show that Vs, s € Stat,o € ¥, € Id, k € Konf
with (o, k) € Conf, 3s' € Stat, o/ € Id, k' € Konf with Pj(¢/, a, k) such that:

d(ke[ K(k) | oo [s1 || s2]](0), ke[ K (k) [ a1 = [s1] | o 2= [s2]](0))
< d([s'](e/, [K(K) | o= [s1 ]| s2]])(o),

[T, [K(K) | a 1= [s1] | @~ 2= [52]])(e)) B1OV
"oy (8K, 51, 80, 0)

Also, for 5.10(b) we show that V3, s1, sy € Stat,o € 3, &, € Id, k € Konf such that Pj(&, o, k),
3s" € Stat, o’ € ¥,a' € Id, k' € Konf with Pj(a/, a, k') such that:

e1(3,a,k,a,s1,2,0)
= d([s](a, [K (k) | a = [s1 [ s2]])(0),
[s](a,[K (k) |- 1= [si] [ a2 [s2]])(0))

9Notice that Q(&, ) = & # «.
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Sd([S'T( [K(K) | am [s1]] s2]])(0"),
[s'T(e/, [K(K) [ a1 [s1] | a-2— [s2]])(07)) G102
ng. 8|| (8/7 0/7 kJa «, S1, 52, 0/)
If we put (w €)W = Stat x Id x Conf x Id x Stat x Stat x ¥ we infer that:

1 /
sup wWEW : P (& a,k) g (w) < 3 - Sup w! €W : P (o k') gl (w)

5 !/ / / / /
where  w = (§,&,k,a,s1,82,0) and w' = (¢, K, «,s1,59,0").

. o /
But obviously, sup wew Pyl (w) = sup wew pyaawn (w'), so

sup WEW : P (&a,k) g (w) =0

which implies immediately 5.10(b). Next, by using this result and ®1%Y we obtain imme-
diately 5.10(a). In the sequel we prove (101 and -102)

First, we prove 100 Tet s, 8, € Stat,0 € ¥, € Id, k € Konf with (a, k) € Conf.
Let also k1 = [K(k) | a = [s1 || s2]], ke = [K(k) | -1 — [s1] | a-2 — [s2]],
ki =]k |aw— (s1] s2)]and kg = [k | -1 — 51 | -2+ s9]. By Lemma 5.4(a)

= K(k1), k2 = K(k2). We compute as follows:

= d(kc(k1)(0), ke(r2)(0))  [Lemma 5.4(D)]

= d([s1 [| s2](v, [K(k) | o= [s1 || s2]]\ )(o) +
(Ftaremaa(id(n)),aza K1(e) (', 51\ a')(0)),

[sil(e- LK) |- 1= [s1] | -2 [s2] ]\ - 1)(0) +
[so(e-2, [K(F) |- 1= [s1] | - 2= [s2] ]\ - 2)(0) +
(oremaa(id(n))o'ratarra2 F2(a)(@, k2 \ ) (0)))  G109)
By Lemma 5.4(a) and 5.4(d)

(K (k) |am=[si |l s2] [\ o= (K[k [ am (51 s2)]) \ e
= K([klam (s s2)]\ )

By Lemma 5.4(e), [k | a — (s1 || s2)] \ a = k. Similarly,

[K(kE) |a-1—=[s1] |a-2—[s2]]\a-1
=K(k|la-1—=s|a-2—s]\a-1)

and [k |a- 1= s |a-2—s|\a-1Z[k|a-2— s]. Also

[K(kE) |a-1—=[s1] |a-2—[s2] ]\ -2
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=K(k|la-1—=s|a-2—s]\a-2)

and [k |a-1— s |a-2— s]\a-2=[k|a- -1+ s]. Inaddition, it is easy to
check that (- 2,[k|a-1— s1]) = (a-1,[k| a-2+ s1]). Therefore, by Corollary
5.6(a) and taking into account that the semantic operator + is nonexpansive we can
compute as follows:

G109 <maz{d([s1 || s2](ev, K(k))(0),
[sil(a- 1, [K (k) | oo+ 2 = [s2]])(0) +
[sol(e- L[E(K) | a-2 = [si]])(a)) O,
d(Foemaz(id(h)),oza K1) k1 \ a)(0),
Fareman(idin) ol tatatas Ka(a)(d, k2 \ o) (o)) G109}

Obviously, 194 = 0 from the definition of the denotational mapping [-]. Next, we

treat 5199 As (o, k) € Conf and a1 > o, - 2 > «, it is easy to see that:

maz(id(ky)) = {a} U{d | & € maz(id(k)),Q(d/, o)}
mazx(id(ks)) = {a-1,a-2} U{d | & € maz(id(k)), Q(c/, )}

Therefore
(5:105) = d(+aremax(id(k),Qare) K1(a)(a, k1 \ &)(0)
+ o/ emaz(id(k)),Q(o ) ro(a') (o, ko \ ') (0)
[+ is nonexpansive |

< maz{d(ri () (@, k1 \ &')(0), ka(a) (0, Kz \ @) ()

| & € max(id(k)),Q(a/, )}
This means that we have:
d(ke(r1)(0), ke(kg) (o)) <max{ 104 G105 1 — map{0, -105) ]
< maz{d(r (o) (@, k1 \ &')(0), ka(a) (0, Kz \ @) ()

| o/ € max(id(k)), Q(a, o)} ©-10:6)

We only treat the case when the above set (the argument of maz in (106 ) is

nonempty. Recall that k1 = [K(k) | a — [s1 || s2]] and ke = [K(k) | o -1 —
[s1] | -2 [s2]], so

(109 = mag {d(K (k) (o!) (o, [ K (k) | 0 = [s1 | s2]]\ @)(0)
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K(k)(a) (o, [K(k) [a- 1= [s1] [ a-2= [s]]\ a')(0))
| o € maz(id(k)),Q(c/, )}
[0 € maz(id(k)), (o, k) € Conf,Q(o/, ) =
o #a,0' #a-1,d #a-2, Lemma 5.4(a), 5.4(d) and 5.4(f)]
= maz{d([K(a)](/, [K(E\ /) [ a = [s1 ] 52]])(0),
[, [K(k\ o) |a- 1= [s1] [ a-2 = [s2]])(0))
| o € maz(id(k)),Q(c/, )} 10D

As (a, k) € Conf, it is easy to check that Vo' € maz(id(k)) with Q(¢/, «) : Pj(o/, o, k\
o). Therefore, by taking the maximal element of 17 we obtain immediately the
desired result 10D ie. we infer that 35 € Stat, & € N, @ € Id,k € Konf(El =
k\@,5 = k(@)) satisfying the invariant property P(@, a, E/) and such that

d(ke[ K(k) [ o= [s1 || s2]1(0), ke[ K (k) [ a- 1= [s1] | a- 2= [s2] ](0))
< d([F1@,[KE) | aw [s1 | s]]) ),

)@, [KE) | a1 [si] | a2 [s2]])(0))

which concludes the proof of (>10-1)

Next, we prove (>102) We proceed by induction on ¢(3) using 1%V . In the compu-
tations given below, by assumption P(&,a, k). Three subcases.

Case [§ = a] when I(a)(c) =0’ € X.

d([a](a, [K(k) | a = [s1 || s2]])(0),
[al(a, [K(F) [ -1 [s1] | a- 2= [s2]])(0))
= d(o" - ke[ K(k) [ aw [s1 | s2]](o"),
o' ke[K(k) | a 1= [s1] | a-2= [s2]](c))
=5+ d(kc[K(k) | o= [s1 || s2]](c"),
ke[ K(k) | a1 = [s1] | a- 2= [s2]](c”)) 108

As (a, k) € Conf, by G100 3¢ € Stat,o’ € Id, k' € Konf such that Pj(c/, o, k')
and:

G089 < 3 d([)(e [K(K) [ o [sy || s21])(0),
[T, [K(K) [a- 1= [s1] | a-2= [s]])(0)
Case [§ = z].
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d([z](a, [K(F) [ o= [s1 ]| s2]])(0),
[z](a, [K(k) [ a-1= [s1] | -2 [s:]])(0))
= d([D()](a, [K(F) [ = [s1 || s2])(0),
[D(@)](@, [K (k) | a1 [si] | a2 [s2]])(0)) O

28

By the induction hypothesis (¢(D(x)) < ¢(z)) 3¢’ € Stat,o’ € ¥, € Id, k' €

Konf such that Pj(o/, a, k') and:
G109 < g d([](e, [K(K) [ o= [s1 || s2])(0),
[T, [E(K) [a- 1= [s1] | a-2= [s]])(0)

Case [s = 5|5

J
d([5|82](a, [ K () | a = [s1 || s2] (o),

[s118](a, [K (k) o~ 1= [s1] [ - 21 [52]])(0))
=d([s'](a- L, [K(k) [ e [si || s2] [ @2 = [$°]])(0) +
[°1(a- LK) [ o [si | s2] [ 62 [5']])(0)
[5'](a- 1,
[K(k) |a -1 [s1] |a-2— [s2] | a@-2+ [3]])(0) +
[°1(a- 1,

[K(k) la-1=[si] a2 [s2] [ a2 [$']])(0))
[ + is nonexpansive |
<maz{d([s'](a- 1,[K(k) | a = [s1 || s2] [ &2 [5°]])(0),
[s'](a-1,
[K(k) o1 = [si1] -2 [s2] [ 62— [82]])(0)),
d([*)(a- L[K(k) [ o= [s1 || s2] | @ -2 [$]])(0),
[$](a- 1,
[ K (k )|a L [si] a2 [s2] [ a2 [$']])(0))}
[ Pi(a,a k) =>a-1,a-2¢ {a,a-1,a-2}; Lemma 5.4(a)]
= maif{d([[§l]](5é L[K[k[ 620 8] [am [si ] s2]])(0),
[5'@-1,
[K[k|a-2— 8] |a- 1w [s1] ] a2 [s2]])(0)), ©-10-10
d([s°](a- 1, [ K[k |a-2= 8] | aw [s1]] s2]])(0),
[$*)(a-1,
[K[k|a 208 ]]a 10 [s1]|a 20 [s]])(0)) G101}

VA

VAR

—
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Py(&, a, k) implies Py(& - 1,a, [k | & -2 — §']) for i = 1,2. Therefore, we can
use the induction hypothesis (because ¢(5') < ¢(s' || §%) for i = 1,2) and we infer
that (1) Js| € Stat, o} € ¥,a] € Id, k; € Konf such that Pj(af, o, k}) and (2)
ds, € Stat, 04 € ¥, a4 € Id, ki € Konf such that Pj(a}, o, k) and:

(5.10.10) < % ~d([s (e, [K (K | avs [s1 ]| s2]])(a)),

[si0(ef, [ () [ Lo [sa] | -2 = [s2] D) (o)) 101
(5.10.11) < % ~d([sh](ad, [ K(KY) | ao—= [s1 || s2] 1) (),

[s4](ab, [K(KS) [ -1 [s1] | -2 = [52]])(ah)) G011

Therefore, by taking maaz{ 1019 = G101 Y we ohtain the desired result 102
[

Lemma 5.11 For all §,s1,s9 € Stat,o € ¥, a,a € Idk € Konf such that (&, k) €
Conf,a ¢id(k),a-1¢id(k) and (=(& < a-1)) we have:

() ke[K(k) | a = [s1;5:]](0) = ke[ K(F) [ - 1= [s1] | @ = [s2]](0)
(b) [81(a, [K(k) [ a = [s1;8:]])(0) =
[s1(a, [K(k) | a- 1= [s1] [ o= [s2] 1) (o)

Proof: The proof of this Lemma is similar to the proof of Lemma 5.10. In this case the
invariant property which is preserved by the computation steps is P.:

P, o, k) "2 (6, k) € Conf) A (a ¢ id(k)) A (a-1 & id(k)) A (~(@ < a- 1))

We proceed as follows. For 5.11(a) we show that Vs, s € Stat,oc € ¥, € Id, k € Konf
such that o ¢ id(k) and - 1 ¢ id(k), 3s' € Stat, o’ € Id, k' € Konf such that P (o, o, k')
such that:

d(ke[ K(k) | o= [s15 890 [(0), ke[ K (k) | a- 1= [si] | oo = [52]1()
< d([s'T(e’, [K(K) [ o= [515 521 ) (0),
[s'1(e/ [K(K) [ a1 [si] | o= [s2]]) () GHHY

not. SR
= e (s, K a,s1,8,0)

Also, for 5.11(b) we show that V3, s1, sy € Stat,o € ¥, &, € Id, k € Konf such that P.(&, a, k),
ds’ € Stat,o’ € ¥,a’ € Id, k' € Konf such that P.(¢/, o, k') and:

e(8,a,k,a, s1,89,0)
= d([s](a, [K(k) | a = [s1552] ])(0),
[s](a, [K(k) [ a1 [s1] [ a = [s2]])(0))
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’ d([[sl]](alv [K(k,) | a — [[81; 82]] ])(0/)’
[T, [K(K) | -1 [s1] | @ [s2]])(07)) G112

not. SR /
= e (s, K a,s,8,0)

If we put (w €)W = Stat x Id x Konf x Id x Stat x Stat x 3 we infer that:

Sup weW : Py(&,a,k) 5;(w) < % © Sup w €W : P;(of a,k') 8;(’&[/)

~ o~ / / / / /
where w = (§,a,k,,s1,82,0) and w' = (s, K, a,s1,89,0).

But obviously, sup .y parw SW) =SUD Ly o &(W). So we infer that:

sup e(w)=0

weW : P(&,a,k)

which implies immediately 5.11(b). Next, by using this result and 1Y) we obtain imme-
diately 5.11(a).

The proofs of Lemma 5.11 and Lemma 5.10 are very similar. The main difference is
given by the computing invariants P. and P, which are specific of sequential and parallel
composition, respectively. Here we skip the proof of 111 (which is similar to the proof of
(5-10-1) ) “We only give the proof of 112 We proceed by induction on ¢(), using -1
In the computations given below it is assumed that P.(&, a, k). We treat two subcases.

Case [§ = a] when I(a)(0) =0’ € X.

d([a](a, [K(k) | o= [s1;52] 1) (o),
(@, [K(k) | 1= [s1] | a = [s2]])(0))
ke[ K(k) [ oo [s1582] (o),
o' - ke[K(k) | -1 [s1] | @+ [52]](c"))
=5 d(kc[ K (k) | a = [s1;52] ("),
ke[ K(k) [ a1 [s1] | @ [s2]](07)) 1)
By G'D 3¢ ¢ Stat,a’ € Id, k' € Konf such that P.(a/,a, k') and:
G138 < 2 d([( [K(F) [ s [s1552]])(0),
[s'](a, [K(K) [ a1 [s1] | o= [s2] ])(0"))
Case [s = §'; 5%.
d([8"; 82)(a, [ K (k) | = [s1382]])(0),
[8%8%)(a, [K(k) | - 1= [s1] | = [s2]])(0))
=d([s')(a- 1L,[K(F) | a = [si;s2] | &= [8°]])
|
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| P(&,a, k) = a # a,& # a-1; Lemma 5.4(a) |
=d([5'](a-1, [K[k| 6 — 5] | @ [s1;:52] ) (0),
[')(6-L[K[k|a— 3] a1 [si] [ o [s]])(0) Y

P.(&,a, k) implies P.(&-1,a, [k | & — §*]). Therefore, we can use the induction
hypothesis (¢(8!) < ¢(5';5%)) and we infer that 3s’ € Stat,0’ € ¥, o’ € Id, k' €
Konf such that P (o, a, k') and

CUD < 5 d([S)( [K(K) [ o [s152] ) (0",
[T, [K(K) [ a-1 =[] | a = [s:]])(0") u

In the sequel we use the notation

S~7F (s,s € Stat)

to express that [C(s)](a, K(k))=[C(3)](@, K(k)) for all contexts C' and for all isomorphic
configurations (o, k) = (@, k) (€ Conf).

Theorem 5.12 For all s, s1, S0, s3 € Stat :

(a) S1+ 8y ~ Sg+ 8 (commutativity of +)
(b) (s1+82)+83 =~ s1+ (s9+ 53) (associativity of +)
(c) s+s ~ s (idempotency of +)
(d) ($1+ 82);83 =~ S1;83+ S2; 83 (right distributivity of ; over +)
(e) s1; (s2:83) = (s1;52); 83 (associativity of ;)
(f) s+ ~ s

(9) 05 =~ 0

(h) s1]l s2 = sl s2+ s2l 1

(i) alls ~ a;s

0 (@s)lse ~ a(s | )

(k) (s1+s2)|s3 =~ si|| 83+ s2] 83 (right distributivity of || over +)
(1) s1]l s2 =~ s2 s1 (commutativity of ||)
(m)  sill(s2 [ s3) = (salls2) || s3 (associativity of ||)

; binds stronger than ||, || . Also, ||, || bind stronger than +.

Proof: First notice that [s] = [§] = s~3, for any 5,5 € Stat. Indeed, [s] = [5]

= [C(s)] = [C(35)] for any context C' (by the compositionality of [-]) and [C(s)] = [C(5)] = s~
by Corolarry 5.6(a). Therefore, the properties stated by Theorem 5.12 (a)-(d), (f)-(h), (k

and (1) follow immediately by Lemma 5.1.

On the other hand, the properties stated by Theorem 5.12(e), (i), (j) and (m) can be
proved for continuations containing only denotations of statements (not for arbitrary con-
tinuations) and require more involved arguments based on the identification of computing
invariants and the use of contraction. By Lemma 5.8 and Corolarry 5.6(a), in order to prove
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s ~ 5 it is enough to show that [s](«, K (k)) = [S](c, K(k)) for any (o, k) € Conf (or that
[s](a, K(k))(o) = [S](er, K(k))(0) for any (o, k) € Conf and an arbitrary o € 3).
Property 5.12(e) follows by using Lemma 5.11.

[s15 (525 53)] (v, K (K)) (o) =[s1] (e - 1, [K(F) [ = [525 53] ]) (o)
[Lemma 5.4(a)]
= [su)(a L K[k ] s (5355) (o) 0120

It is easy to check that (o~ 1, [k | o+ (s9;83)]) = (- 1-1,[k | a+> (s2;53)]). Thus 12D =
[si](a-1-1, K[k | o (s2;83)])(0), by Corollary 5.6(a), and

[si](a-1-1, K[k | o (s2;83)])(0) [Lemma 5.4(a)]

Property 5.12(i) is an easy consequence of Corollary 5.6. We only treat the subcase when
I(a)(c) =T € X.

[alls](a, K (K))()
= [a](a-1,[K(k) [a-2 = [s]])(0)

=G ke|K(k) |a- 2w [s]](@)  [Lemma 5.4(a)]

=5 ke(K[k|a-2w s]))(@)

[ (a,k) € Conf = [k|a 2+ s] 2 [k|aw s], Corollary 5.6(b)]
=5 ke(K[k|aw s])(@)  [Lemma 5.4(a)]

=7 - ke[ K(k) | a = [s]](@)

= [a](a-1,[K(k) [ a = [s]])(0)

= [a; s](a, K(K))(0)

In the proofs of 5.12(j) and (m) one can use Lemma 5.10. For 5.12(j) we only consider
the subcase when I(a)(0) =7 € %.

[(a; 51) [[ s2](ex, K (K))(0)
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= [a;si](a- LIK(K) | a-2= [s2]])(0)

= lal(e-1- LK) [a- 1 [si] | a-2= [s2]])(0)

=7 ke[ K(k)|a-1—[si1] | a-2— [s2]])(@) [Lemma 5.10(a)]
ke[ K (k) | a = [s1 ]| 52]1(@)

Ql

= [al(a- LK) [am [si || s2]])(0)
= [a; (s1 || s2)[(e, K(K))(0)

Next we prove the property stated by Theorem 5.12(m). First, we expand the expressions
involved as follows:

[s1 [ (s2 [ s3)](ex, K (K))(0)
= [s1l(e- 1, [K(F) [ - 2= [s2 || s3] ])(o) +
[so || ss](a-1,[K(k)| a2~ [si1]])(0) [+ is associative]
=[s1](a- LIK(K) a2 [s2 | ss]])(o) &122 +
[s2](a 1 LIK(k) a2 [s1] [a-1- 20 [ss]])(0) O129) +
[ss](a 1-LIK(k) a2 [si] [a-1- 20 [s2]])(o) 129
[(s1 [ s2) [ s3](ex, K(K))(0)
= [s1 || sal(a- 1, [K(k) [ -2 = [s3]])(o) +
[ss)(a-1L[K (k) [ a-2= s || s2]])(0)
= [s:1](a-
[s2](a-
[ss](a LIK(k) [ a2 [s1 ]| s2]])(o) G120

We show that (122 — (5.125)  (3123) _ (5126) anq (124) — (G127 First we prove
that (®123) = (5126)  Tpdeed:

1-L[K(R) [a 20 [ss] |12+ [s3]])(0) 129 4

Q

Q
—_

LK) a2 [ss] | a-1-2 - [s1]])(o) ®126) 4

[se](a-1-1[K(k)|a-2—[s1] |a-1-2+ [s3]])(0) [Lemma 5.4(a)]
=[s2](a-1-1,K[k|a -2+ s3] a-1-2+ s3])(0)
[(a, k) € Conf =

(a-1-1[k|la-2—s|a-1-2—s3])=
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(a-1-1[k|a-2+—s3|a-1-2—s1]), Corollary 5.6(a)]
=[so](a-1-1,K[k| -2 s3|a-1-2+ s1])(0)
=[so](a-1-1,[K(k)|a-2+ [s3] |a-1-2 [s1]])(0)

Both (122 = (3125) apq (124) = (3127 can be handled by using Lemma 5.10(b).
As the proofs are similar, we only treat here (122 —= (5:125)

[si](a-1,[K (k)| -2~ [s2 | s3]])(o) [Lemma 5.10(b)]
=[si](a- 1,[K(k) |a-2-1+ [s2] | a-2-2 [s35]])(0) [Lemma 5.4(a)]
=[si]J(a - 1, K[k |a-2-1— sy |a-2-2+ s3])(0)

(o, k) € Conf =

a-1-1,[k|la-2—s3]a-1-2+ s5]), Corollary 5.6(a)]

]

]

(

(-1 [k|la-2-1— s |a-2-2+s3]) =

(

=[s:)(@ 1-1L,K[k|a-2—s3]a-1-2 s])(0)  [Lemma 5.4(a)]
]

=[s1](a-1-1,[K(k) |a-2+— [s3] |a-1-2 [s2]])(0) [ |
Remark 5.13

(a) As it is well-known, the properties stated by Theorem 5.12 provide a finite axiomati-
zation for the parallel composition operator ||; see, e.g., [5].1° For any non-recursive
L program (closed term) s € Stat there is a non-recursive program s € Stat that
contains only the operators for sequential composition (;) and nondeterministic choice
(+) and such that the above set of laws imply s ~ 5. The operators || and || can
be eliminated from any non-recursive asynchronous L program. Such an elimination
can always be performed without manipulating continuations explicitly. For ezample
arl|as >~ ai|| as + as || a1 =~ ay; a9 + ag; ay.

(b) The semantics of sequential composition (;) is defined using continuations, but it ulti-
mately relies on the prefizing operation o - p. Notice that if § ¢ p then o-(p+{0}) =
o-p#o-p+{oé} =0-p+o-{6}. Therefore we cannot expect to get a model which
also satisfies the law sq; (S2+ S3) = S1; 82+ S1; 83, 1.€. the left distributivity of ; over +.

Recall that D[s]o = [s](ao, ko)(o) (see Definition 4.1(c)). For any a € Act, s, € Stat and
for any context C' one can easily check the following:

e s~ ¢ implies D[C(s)] = D[C(s')],

10Strictly speaking, properties 5.12(1) and 5.12(m) are not needed for this purpose.



Continuation Semantics for Asynchronous Concurrency 35

e Dla;s]o = if (I(a)(c) =1) then {6} else I(a)(c) - D[s](I(a)(c))'* and
e D[s+ s']o = D[s]o + D[s']o.
For example, if I(ay)(0) = 01, 1(as)(01) = 09 and I(az)(o) =1 then

Dla||az]o = Dlaq || as + az|| a1]o = Dlay; as + as; aq]o

= Dlay; as]o + Dlag; ar]o = {0102} + {6} = {0102}

6 Concluding remarks and future work

We presented a method of reasoning about the behavior of programs in denotational models
designed with metric spaces and continuation semantics for concurrency (CSC) [31]. The
method was illustrated on the particular case of a simple asynchronous language [10]. We
proved that the semantic operators designed with continuations obey concurrency laws such
as the associativity and commutativity of parallel composition. The method is general; we
think it could be applied to every language designed by using CSC. The method relies on
the identification of computing invariants as relations between continuation structures in
combination with arguments of the kind ’e < % - € = ¢ = 0’, which are standard in metric
semantics. The significance of the results is given mainly by the flezibility provided by the
continuations technique which can thus be used to describe concurrent behaviour.

In previous work, we developed CSC-based denotational models for a couple of advanced
concepts, including nondeterministic promotion in Andorra-like languages [33], and syn-
chronous communication on multiple channels [32] in the style of Join calculus [17]. In
ongoing work, we investigate the possibility to develop a denotational semantics designed
with CSC for membrane computing [26]. As far as we know such advanced control concepts
have not been modeled denotationally until now without CSC. It should be possible to use
the proof method presented in this paper to reason compositionally about the behavior of
such advanced concepts. Still, this has to be verified.

In this paper the domain of continuations (Kont = {|5 - D[}) was modelled with the aid
of a function space from a set of identifiers (endowed with a partial order) to the domain
of computations: Id — 3 - D (see Section 3 where the construction { - [} was introduced).
According to Corollary 5.6, any two isomorphic continuations behave the same. Intuitively,
the domain of continuations could be defined in terms of isomorphism classes [Id — - D]
of such structures. Since the existing models based on isomorphism classes of semantic
structures (in particular the metric pomset model [6]) do not involve domains defined by
reflexive equations (like D), such a construction also requires further work.

HNotice that ko = K (ko), where ko = (0, to), with to € (Id — Stat), to(a) = 6, Va € Id. The property follows
by using Corollary 5.6 and the fact that [ko | @/ — s]\ & =2 ko, Vo' € Id. In fact [k | &/ — s]\ o =k,
Vk € Konf if o ¢ id(k).
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