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1. Introduction

Distributed object systems are generally based on remote method calls between objects and rely on a concept of threads
rather orthogonal to the object structure. This article formalizes a way of unifying the notion of threads and objects: each
object belongs to a single activity (we use “activity” rather than “process” for expressing the unit of distribution) and each
activity is associated a single thread. Then, activities communicate by asynchronous method calls allowing both sender and
callee to perform operations between the request sending and its treatment, thus increasing concurrency. Futures are intro-
duced to represent awaited results of such asynchronous calls; one of the main contribution of this paper is the formalization
of the notion of futures in the context of distributed objects.

Confluence properties simplify programming as they avoid having to study every possible interleaving of instructions
and communications. They also ease the development of languages and middleware, by authorizing some optimizations
or even allowing the implementation of some mechanisms, e.g. [1]. Confluence of various calculi, languages, or programs
have been studied in the past, using different techniques. Linear channels in 7-calculus [2,3], non interference properties in
shared memory systems [4], Process Networks [5] or Jones’ technique for creating deterministic concurrency in o8 [1] are
typical examples. All these works provide a characterization of confluence in a specific domain but none of them deals with
a concurrent, imperative, object calculus with asynchronous communications.

The study of confluence has two objectives. First it characterizes deterministic programs, because it is often needed that a
program behaves deterministically; one could not imagine a non-deterministic result to a binary or a prime number search.
But more importantly we aim at characterizing the possibilities of interference, and characterizing minimally an execution.
Such a minimal characterization is useful in several contexts, like for example debugging: a program is easily characterized
and reproducible; fault tolerance: the status of an ongoing computation is known in a minimal way, and thus easily stored
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and re-executed [6]; and program analysis: one would know exactly which interleaving of actions are significant for the
program execution.

We design a calculus named ASP: Asynchronous Sequential Processes and formalize some properties of determinism on this
calculus. ASP models an object-oriented language with asynchronous communications and futures, and sequential execution
within each parallel process. We start from a purely sequential and classical object calculus (imp¢-calculus) [7] and extend
it with two parallel constructors: Active and Serve. Active turns a standard object into an active one, executing in parallel and
serving requests in the order specified by the Serve operator. Parallel composition of activities comes as a consequence of
object activation and only exists at runtime. Method calls on active objects are asynchronous: their results are represented by
futures until the corresponding response is returned. Automatic synchronization of activities comes from wait-by-necessity
[8]: a wait automatically occurs upon a strict operation (e.g. a method call) on a future.

Innovative aspects of ASP calculus include a formalization of the following features in an object oriented context: futures
together with asynchronous method calls, data-driven synchronization, and unification of the notions of processes and
objects. Moreover confluence properties seems to be novel in such a distributed objects framework. Our key property states
that the execution is only determined by the order of activities sending requests to a given activity; asynchronous replies can occur
in any order without observable consequence. This work is more general and strongly related to the Process Networks of
Kahn [5]. This work also identifies sets of programs that behave deterministically, including a characterization of deterministic
components.

On the practical side, the ASP-calculus model is implemented as a Java middleware, ProActive [9], allowing parallel and
distributed programming. The properties shown in this paper are useful both in the design of ProActive, e.g., because any
strategy for returning a future is equivalent and can be implemented in the middleware, and for the programmer as he only
has to ensure that the result will be calculated.

The passing of futures between activities, both as method parameters and as method results is an important feature of
ASP. As futures can proliferate, from a practical point of view, a strategy must be specified to choose when and how a request
result should be sent back to replace the references to the corresponding futures. The ASP calculus captures all the possible
update strategies, and thus properties are valid for all of them. Moreover, a given activity is insensitive to the moment when a
result comes back. This is a powerful characteristic of the confluence property we exhibit.

This paper is organized as follows. Section 2 presents the sequential part of ASP, which is strongly based on the imp¢-
calculus. Section 3 informally introduces the ASP calculus, its principles and a few examples. Section 4 defines the semantics of
ASP and some intrinsic properties, Section 5 presents its confluence properties, and Section 6 show how to build deterministic
components in ASP. Section 7 compares ASP with other concurrent calculi and their confluence properties. An appendix gives
some technical details of the proofs and the equivalence relation. This work was partly and briefly presented in [10], more
details on proofs and extensions of the calculus can also be found in [11].

2. Sequential calculus
2.1. Syntax

We start from an imperative sequential object calculus strongly inspired from the one of Abadi and Cardelli. The purpose
of this calculus is to serve as the sequential core on top of which the parallel calculus will be defined. The only characteristics
that have been changed in the ASP sequential calculus, relatively to the imp¢-calculus, are the following:

o Because arguments passed to active objects methods will play a particular role, we added a parameter to every method
like in [12]. In addition to the self argument of methods, noted x; and representing the object on which the method is
invoked, we add an argument representing a parameter object to be sent to the method, noted y;.

o We do not include method update in our calculus because we do not find it necessary. It is still possible to express
updatable methods in our calculus.

e Asin[13], during the reduction, locations (reference to objects in a store) can be part of terms. Locations do not appear in
user syntax.

In this article, we will distinguish user syntax/user terms corresponding to programs and runtime syntax/runtime terms
that are generated when evaluating programs and will have a different syntax. ‘
The abstract syntax of the ASP calculus is given in Fig. 1, a, b as defined in the figure range over terms, l;d"" range over

field names; m}El“m are method names; ¢ is a binder for method parameters; and a location : is an entry in the store defined

below. let x = ain b, sequence a; b,! lambda expressions, and methods with zero or several arguments can be easily expressed
in our calculus and are used in the following.

1 Letx=ainb2[m = ¢(,x)bl.m@) a;b £ [m=c(,_)bl.m@.
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a,be L:=x variable,
|[li = bi;my = (5, y5)a;]5S 7, object definition,
|a.l; field access,
|a.l;:=b field update,
| a.m;(b) method call,
| clone(a) shallow copy,
| ¢ location (not in user syntax)

Fig. 1. Sequential syntax.
2.2. Semantic structures

Free and bound variables are defined as usual: ¢ is the only binder, it binds two variables at the same time. Let locs(a)

denote the set of locations appearing in a, and fv(a) the set of variables occurring free in a. User terms are closed terms without
location, where a is closed iff (fv(a)=# A locs(a)=¢) . Locations appear when putting objects in the store.
Substitution. The substitution of b by c in a is written: a { b < c }}. Substitutions are denoted by ¢::={{ b; < ¢ }}161”". In
the semantics, substitution is applied in a classical way: it replaces a formal parameter x by the locations of the arguments
without replacing inside binders: expressions under ¢ (X, z) or ¢(z, X) are unchanged. Usually, substitution must avoid variable
capture, but here variables are always substituted by locations, which avoids this problem.

Let = be the equality modulo renaming of locations (substitution of locations by locations) provided the renaming is
injective. In other words, = is the equality modulo “alpha-conversion” of locations.

Store. Reduced objects are objects with all fields reduced to a location:

iel.n
0= [l = s My = s YNy

A store o is a finite map from locations to reduced objects: o ::={i; — 0;}. The domain of &, dom(o), is the set of locations
defined by o.

Let o :: o’ append two stores with disjoint locations. When the domains are not disjoint, o + o’ updates the values defined
in o’ by those defined in o. It is defined on dom(c) U dom(o”) by

4+ = o@ ifiedom(o)
o'(t) otherwise

Note that o :: o’ is equal to o + o’ but specifies that dom(c) N dom(o’) = ¢.

Configuration. Let a sequential configuration (a,o) be a pair (expression, store). We denote by + (a,0)oK a well-formed
configuration, i.e. a configuration that has no free variable and defines every location it uses:

Definition 1 (Well-formed sequential configuration).

locs(a) € dom(o) A fv(@) =0 A

F(0,0)0K Ny cdom(o), locs(o (1) Cdom(e) A fu(o (1)) =#

2.3. Reduction
We first define reduction contexts Z as expressions with a unique hole e:

R = o | R | Rmib) | mi )| Rl = bl := R | cloneR) |ll; = ;| = B: Iy = by; mj = g(xj,yj)aj];i}izh’;‘”"e"“'“"
|[a) denotes the syntactic replacement of the hole e by a in Z:
Rlal=R {{ e<—da }} This replacement is however different from classical substitution because it allows variables in a to be
captured by the binders in Z.
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Table 1
Sequential reduction

STOREALLOC
v & dom(o)

(Rlo], o) —s (R[], {¢ — o} :: 0)
FIELD _
o(t) = [li = wsm; = s(j,y;)as]5y,  keln

(Rlelx], o) —s (R[], o)

INVOKE ‘
o(t) = [li=t;mj = C(Ij,yj)aj]}eell"'_’fn kel.m

(Rlemp(d)), 0) —s (Rlarf{ar < ¢, yx < }],0)

UPDATE ,
o(t) = [l = i;mj = <(zj,y)a5)'ei 7 k€ln
icl..k—1,k'ck+1..
o =l = uisly = Vsl = iy = (x5, y5)a] ey 0T

(Rlely, :==t],0) =5 (R[], {t — o'} +0)

CLONE
/' & dom(c)

(R[clone(r)], o) —s (R[], {t/ — (1)} :: o)

Table 1 defines a small-step, substitution-based operational semantics for our sequential calculus. It gives reduction rules
that are applied at the point represented by the occurrence of e in Z; rules are object creation (storearLoc), field access
(FIELD), method invocation (INVOKE), field update (UPDATE) and shallow clone (cLONE). This semantics is very similar to the
one of [13]. To evaluate a user term g, an initial configuration (a, ¥) is created. It contains the user term a, and the empty store.

Sequential reduction has two interesting properties. First, reduction preserves well-formedness. Second, the sequential
reduction is deterministic up to the choice of freshly allocated locations:

Property 1 (Determinism). Let ¢, d and d’ be three configurations:

C—)sd/\C—)sdl = d=d

3. Parallel calculus

This section defines a parallel calculus which is based on activities. Each ASP object is either active or passive. There is
one active object at the root of each activity. Activities run in parallel, and interact only through asynchronous method calls.
Synchronization is due to a data-driven synchronization on the result of an asynchronous method call: wait-by-necessity.

3.1. Principles

An activity is a process associated with a set of objects put in a store. Among these objects, one is active; every remote
method call sent to the activity is actually sent to this object, such remote invocations are called requests. An activity also
contains the pending requests (requests that have been received and should be served later) and the values of the results
for finished requests. Passive (i.e., non active) objects are only referenced by objects belonging to the same activity but any
object can reference active objects and futures: there is no shared memory except references to active objects and futures.
Activities are single threaded, which is crucial for ASP properties.

The activation of an object Active(a, m) creates a new activity whose active object is a copy of a. Serve(m;..my) performs
a blocking service of requests received by the current active object. Unlike many other concurrent calculi based on the
¢-calculus, in ASP, the requests are not executed by the thread that performs the method call.

A future is an identifier representing the result of a method call to an active object, this allows method invocations on
active objects to be asynchronous. Execution will be blocked when we try to perform a strict operation (e.g. accessing a
field of the objects) on a future. Such blocking states are called wait-by-necessity. When the method is finished, the result is
returned, and if the execution was blocked in a wait-by-necessity, it can continue. We call future reference, a reference to a
future, i.e. a reference to a remote method invocation for which the result has not yet been returned, and future value, the
result corresponding to a future once it has been computed.
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Legend:
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Fig. 2. Example of a parallel configuration.

3.2. User syntax

We extend the sequential calculus by adding the possibility to create active objects and to serve requests:

abel := .. sequential calculus term
|Active(a, m;) activates object, m; is the activity method
|Serve(my,..,mp)™0  starts the service of a request,
latf,b a with continuation f, b (not in user syntax)

3.3. Informal semantics

In every activity o, a current term a,, represents the current computation. Every activity has its own store o, which contains
one active and many passive objects. It contains also a pending request queue which stores the pending method calls and a
future list which stores the results of finished requests. Fig. 2 gives an illustration of a configuration consisting of two activities.
It contains three references to futures (one calculated, one current, and one pending). The active objects are bold ellipses;
futures references are diamonds; future values, current future and pending requests are merged in the bottom rectangles:
calculated future values are on the left, current futures are represented by a bold rectangle and pending requests are on the
right. Continuations will not appear in our representation.

Activities. The Active operator Active(a, m;) creates a new activity « with the object a at his root, a is called the active object
and acts as the master object of the new activity. The object a is copied with all its dependencies? (deep copy) into a new
activity. The second argument to the Active operator is the name of a method which will be called as soon as the object is
activated. This method with no argument is called the service method as it should specify the order in which the requests are
served. A FIFO service serves the requests in the order they arrived in the activity; in that case, in Fig. 2, the current request
(bold square) progresses from left to right in the queue. When the service method terminates, no more request is treated.
Remote references to the active object of activity « will be denoted by, the generalized reference AO(«) in the runtime syntax.

Afield access on an active object reference is irreversibly stuck. However, the fields of an active object can be manipulated
by its own activity, and accessed remotely via accessors.

Requests. Communications between activities are due to method calls on active objects and returns of corresponding results.

A method call on an active object consists in atomically adding an entry to the pending requests of the callee, and associating a
future to the response (in the ProActive implementation, the request sender waits for an acknowledgment before continuing

2 To prevent remote references to passive objects.
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its execution). Arguments of requests and values of futures are deeply copied when they are transmitted between activities.
Active objects are transmitted with a reference semantics.

Serving requests. The primitive Serve stops the activity until a request matching its argument is found in the pending requests,
i.e. a request on one of the method specified as parameter of the Serve primitive. A service can be performed at any time,
including while serving another request. f is runtime syntax needed to formulate the operational semantics, it is used to
save the continuation? of the request we are currently serving while we serve another one. Note that with such a mechanism
there are several requests being served at the same time, except if Serve operations are only performed by the top level
activity, i.e., no Serve is performed while a request is being served.

When the execution of a request is finished, the corresponding future is associated with the calculated value. Then, the
execution restores the continuation that had been stored when the service started.

Futures. Futures are generalized references that represent the result of an asynchronous method call. This result may be
unavailable if it is not yet calculated or not yet sent. The result is the future value. We call future update the operation
consisting in sending the calculated value for a future and replacing a reference to the future by this value. Inside each
activity, the future list maps futures to their values within the activities that computed them. A future value is called partial
if its dependencies contain future references.

An operation on an object is strict if it needs to access the content of the object: field and method access, update, clone.
Transmitting an object to another activity is not a strict operation. Futures can be manipulated while we do not perform
strict operations on them. A wait-by-necessity occurs when a strict operation occurs on a future: the activity is blocked until
the future is updated. In Fig. 2, futures f, and f3 denote pointers to not yet computed requests while f points to a future value
computed but not yet updated.

3.4. Future update strategies

As futures can be safely manipulated and transmitted between activities, references to futures can proliferate. Different
strategies can be implemented for returning the value of a future. In our semantics, every reference to a future can be replaced
by the future value (partial or complete) at any time. Thus, we capture all the possible future update strategies. Specifying a
strategy would restrict the possible reductions but could simplify and optimize the execution. For example, an eager strategy
would send a result as soon as its value has been calculated; the future list would become useless but this would necessitate
to contact every activity containing a reference to the future at once. The opposite strategy would consist in returning only
complete results and forbidding the usage of futures as parameter of method call; such a strategy leads to many stuck and
even deadlocked configurations. These two strategies have been implemented in ProActive.

3.5. Example: sieve of Eratosthenes

Remember the Sieve of Eratosthenes finds prime numbers by applying successive filters: when a prime number n is found,
anew filter is created such that every number that is divisible by n will be rejected by the filter. If all filters for prime numbers
strictly smaller than n have been created and n is accepted by all these filters then n is prime. This section translates in ASP
the distributed Sieve of Eratosthenes described in [14] for Process Networks. In Process Networks, the sieve was performed
by several processes linked by channels (with operations get and put), a process for each prime number. Each process gets
numbers from the process associated to the previous prime number, and pushes values to the one associated with the next
prime. We applied the same methodology and created one activity per prime number found. We first considered that the
communications comes from the activity that performs a get on a channel to the one that performs a put on the same channel
and replace such Process Networks communication by a call to a request get (see Fig. 4). Repeat performs an infinite loop and
will be defined later on. Fig. 3 defines a “pull” Sieve of Eratosthenes in ASP, depicted in Fig. 4.

The Integer object generates all integers. There is one Sieve object for each prime number. It returns the next integer given
by its parent sieve that is not divisible by the prime number n. The Sift object manages the whole computation. We supposed
Display is an object to which the list of primes have to be sent. When a new prime is found, a new Sieve is inserted between
the Sift and the former last Sieve. Note that the only strict operations on integers n are the ones performed by the Display
object and wmop. In this example, every object always replies to a get request: prime numbers are pulled one after the other
one by the sift object. Thus, the program will be evaluated sequentially and the pipelining that could be performed on the
example of Kahn and MacQueen cannot occur here. The following implementation of the sieve allows such pipelining; see
Fig. 5.

A push version. Fig. 6 defines a “push” Sieve of Eratosthenes in ASP, depicted in Fig. 5. Integers are put successively into a
pipeline of sieve objects which finally send the next prime to a Display objects.

3 Here, continuation stands for the state of the interrupted service, that is to say the instructions still to be executed to finish the service.
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let Integer = Active([n = 1; get = ¢(s,_)(s.n := s.n+ 1;5.n)],0) in
let Sieve = [parent = [], prime = 0; init=q(s, par)s.parent := par,
get = ¢(s, -) let n=parent.get() in
if (n mop s.prime # 0) then n else s.get()] in
let Sift = [source = Integer;
act= <(s, -) Repeat(let n = source.get() in
Display.send(n); Sieve.prime := n;
s.source :=Active(Sieve.init(s.source)))] in
Active(Sift, act)

Fig. 3. Example: Sieve of Eratosthenes (pull).

parent

—_~
( Sieve )

v

next /

puty_ _ /
[ Sieven )l

Fig. 5. Sieve of Eratosthenes (push).
4. Parallel semantics and properties
4.1. Structure of parallel activities
We assume that we have three distinct name spaces: activities («, 8 € Act), locations (:) and futures (f, f;}*. Activities have
unique names, and locations are local to an activity. A future will be characterized by its identifier f;, the source activity o and
the destination activity 8 of the corresponding request: fi‘Hﬂ . Future identifiers f; must be chosen such that £~ is unique.

For example, the future identifiers can be unique for each destination activity.
A parallel configuration is a set of activities:

P,Q ==cala;0; ; F; R f11 BL.. Il

We will denote by o < P the fact that an activity named « belongs to the configuration P. Each activity «[a; o; ¢; F; R; f] is
characterized by:

e acurrentterma=>b g f,}’ﬁ"‘, ¢ to be reduced. a contains the terms corresponding to the different requests being treated,
services are separated by 1. The left part b is the term currently evaluated, the right one ff”",c is the continuation:

4 There are already name spaces for the fields, methods and variables identifiers which appear in the user terms and are not created dynamically.
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let Sieve = [N =0, prime = 0; next=[]; put = ¢(s,n) s.N:=n,
act = ¢(s, _) Serve(put); Display.send(s.N);
s.prime := s.N; s.next := Active(s, act);
Repeat(Serve(put); if (s.N wmop s.prime # 0) then s.next.put(s.N))] in
let Integer = [n = 1; first = Active(Sieve, act);
act = (s, _) Repeat(s.n := s.n + 1; s.first.put(s.n))] in
Active(Integer, act)

Fig. 6. Example: sieve of Eratosthenes (push).

respectively the future and current term of a service that has been stopped before the end of its execution, because a
new Serve instruction was encountered during this request service. When the current service will be finished, the current
term ¢ will be restored, and its result associated to the future /. c can also contain continuations;

e a store o containing all objects of the activity o;

e an active object location ¢, the location of the active object of activity «. o (1) is the active object of « which will handle
requests;

e a mapping future values associating, for each served request, a location : to its future f;: F = {f; — (}. In fact, the value of
future f; is the part of store that has : for root (the deep copy of o (1));

o alist of pending requests R = {mj; : f ~“1};

o acurrent future f, the future associated with the request currently served; more precisely, if the current termis a fiV”“, b
then f will be the future associated with the value computed by a.

Empty parts of activities will be denoted by @: ¢ can be an empty list (futures or requests), an empty current term (no activity),
or an empty current future (when no request is currently treated). When necessary we will denote by o, the store of activity
« and similarly for the other components of the activities. Moreover, M denotes a finite and non-empty set of method labels.

M= {my,...,my ™0
Arequest can be seen as the “reification” of a method call [15]. Each request r ::= [m;; L;f,."_"’] consists of

o the name of the target method: m;,
o the location of the argument passed to the request: «,
o the future identifier which will be associated to the result: f7' .

We will denote by :: the concatenation of request queues. Consequently, R :: r adds a request r at the end of the request
queue R. and R’ :: r :: R matches a queue containing the request r. Similarly, F :: {f; — ¢} adds a new future association to the
set of future values.

In the store, one has:

ou=[li =y mj= g(xj,yj)aj]]‘g:”m reduced object
| AO(x) active object reference
| fut(fi‘Hﬁ ) future reference (proxy)

fut(fl.“_’ﬂ ) references the future f,."‘_”3 . AO(a) references the active object in activity «. AO(e) and fut(fi"‘_”s ) act as “proxy” to
a remote activity or to a future object. Note that, when a reference to a future appears in an activity, the activity that may
know the corresponding value can easily be contacted because it is encoded in the future reference: g in fi‘)‘_”g .

The runtime syntax guarantees that there are no shared references in ASP except futures and active objects; moreover
active objects are only accessible through asynchronous method calls and future values are immutable. Such a structure is
crucial to ensure ASP properties.

4.2. Parallel reduction

First, object activation and continuations are added to reduction contexts:

R = ...|ActiveR)| R 1 f,a

4.2.1. Deep copy

We define here operators on the store that will be used in the semantics. The operator copy(, o) creates a store containing
the deep copy of o (1). copy(1, o) is the smallest store satisfying the rules of Table 2. In Table 2 the first two rules specify the
domain of the deep copy: recursively, all locations referenced by ¢; and the last one states that the codomain is the same in
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Table 2
Deep copy

v € dom(copy(e, o))
/€ dom(copy(e,0)) = locs(a(d)) C dom(copy(e, o))

/€ dom(copy(e,0)) = copy(e,o)(d') = o ()

Fig. 7. REQUEST.

the copied and the original store. The deep copy of a future or an active object reference is the reference itself: deep copy
does not follow global references. The part of store formed by the deep copy is independent: - (1, 6)0K = (1, copy(i,))OK.

We define a function Merge which merges two stores. It creates a new store, merging independently o and o’ except for
which is taken from o':

Merge(t,0,0') =060 + o
where § = {{/ <" |/ edom(c’) Nndom(o)\{t},.” fresh }}

The following operator adds the part of o reachable from the location at the location /’ of ¢" avoiding collision of locations;
only ¢ can be updated:

Copy&Merge(o, 1; o', () £ Merge(/, o', copy(t, o) fe=dh

4.2.2. Reduction rules
Table 3 describes the reduction rules corresponding to the small step semantics of the parallel calculus. Note that rLocaL,
NEWSERVICE and ENDSERVICE are local rules involving a single activity. Here is a short description of these rules:

LocaL inside each activity, a local reduction can occur following the rules of Table 1. Only one sequential rule needs a slight
modification: cloning a future is considered as a strict operation in order to ensure determinism: the CLONE rule applied to
a future is stuck. To summarize, rules FIELD, INVOKE, UPDATE, CLONE are stuck when the target location is a future reference.
However, rRepLy may transform a future reference into a reachable object. FIELD, UPDATE, and CLONE are stuck when the target
location is activity reference, but ReQuEsT allows to invoke an active object method.

NEWACT activates an object. A new activity y is created containing the deep copy of the object o (1) and empty pending requests
and future values. A reference to the created activity AO(y) is created in «. Remark that other references to « in « are still
pointing to the passive object. m; specifies the method run initially by the active object. It is a method with no argument that
is executed upon object activation and should perform Serve operations.

REQUEST sends a new request from activity « to activity 8. Fig. 7 illustrates the application of the rRequesT rule, using the same

variables as in the rule. A new future fi‘Hﬁ is created to represent the result of the request. « stores a reference to this future
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Table 3
Parallel Reduction (values neither used nor modified are grayed)

LOCAL
(a,0) —s5 (a',0) —g does not clone a future
ala;o;i F5R; f] || P— efa’;o's i, F3R; f] || P
NEWACT
~ fresh activity /' & dom(o) o ={/ —-AO0(y)}::0o oy =copy(t2,0)
a[R[Active(va,m;)]; 0565 15 115 f] || P— afR[]07565 15 s f1 || vl2m; ()5 05 02308 0] || P
REQUEST
oa(t)=A0(B) " ¢ dom(op) £ new future 1y & dom(oa)
O'/B = Copy&Merge(oq, ' 5 og, ") oh ={1y— fut(fiaéﬁ)} %2 @
a[R[e.m; ()] 0as tas Fa; Ras fol || Blag; og; 15 a3 Re; f3] | 5—>
a[Ref]; 04 tas Fos Raj fo] || Blags op; a; Fs R = [my; o f777); fo] | P
SERVE

mj € M VmeM, m¢R
a[R[Serve(M)}; 056 15 R = Imy; ip; '] =2 R f] || P— ale.my(e) 1 £, R0 056 F5R = R f] || P

ENDSERVICE
o' = Copy& Merge(a, v ; o, 1))

alet a0 F; R f) | P— alayo’s s Fu{f— 3 R ) || P

REPLY

oa(t) = futl(f]7°)  Fs(f77")=1;  ol,=Copy&Merge(op, 1y ; Oa, L)
af 0 L Foj Ro; 1 | Blas; op; 15 Fa; Rs; fa] || P —
alaa; 0h; ta; Fo; Ras fol || Blag; os; 83 Fa; Re; f5] || P

and can continue its execution. A request containing the name of the method, the location of a deep copy of the argument
stored in o, and the associated future is added to the end of the pending requests Rg: [m;: ”; fi"_’ﬁ ]. A particular rule is
necessary when an asynchronous method call is performed on the caller activity itself, i.e.,, when o = g. This is different from

a sequential call on the active object:

REQUEST a =
04 (1) =A0(x)!” ¢ dom(o,)  f7% new future i ¢ dom(oy)
U #y o o, = Copy&Merge(oa, U ; {if = fut(f =)} 1oq, ")

a[R1e.mj()]; 0s tos Fus Ras L INIQ — alRlif]; 03 Lo Fus Rez:[mys 5 f2 740 L11Q

SERVE Serves a new request (Fig. 8). The reduction of the current term is stopped and stored as a continuation: future f,
expression Z[[]], and the first request on one of the labels specified in M is treated. To ensure ASP properties, it is crucial that
only the oldest request matching a criterion can be served. Indeed, treating the last request matching M would be highly
dependent on the interleaving between communications and local reductions. The activity is actually stuck until a matching
request is found in the pending request queue.

ENDSERVICE associates the result of the request that has just been treated to the current future f. It applies when the current
request is finished (i.e. current term is a location). The result is deep copied to prevent post-service modification of the value.
The new current term and current future are obtained from the continuation (Fig. 9).

RepLy updates a future value (Fig. 10). It applies when the value associated to a future has been calculated and replaces
a reference to a future by the part of store associated with it, i.e., by the deep copy of the location associated to fl.y_”S ).
Deliberately, we do not specify when this rule should be applied. It is only required that an activity contains a reference to
a future, and another one has calculated the corresponding result. However, wait-by-necessity can only be resolved by the
update of the future value, which constraints the moment when this rule can be applied. In general, a future fiy_”3 also needs
to be updated in an activity different from the origin of the request (« # y ) because of the capacity to transmit futures, e.g.
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Fig. 8. SERVE.

O IOTT]

\LENDSERVICE

Ca

Fig. 9. ENDSERVICE.

as method call parameters. A future can also be updated in the same activity it has been calculated, when « = g, leading to
the following particular case for the rule repLy:

REPLY o = f8
ou) =fut(f’7%)  Fa(ff7*) =y o, =Copy&Merge(oy, if ; 0u, 1)
1P

al0y; 0a; to; Fas Ras ful Il P —> al0y; 045 (o Fos Ras

After an update, a future value must be kept stored because the future might have proliferated in other activities; however
garbage collection techniques could be applied to futures [16,17].

We can define the infinite loop Repeat and the FIFO service that serves the requests in the order they arrived:
Repeat(a) £ [repeat = ¢(x)a; X.repeat ()].repeat ()
£ Repeat (Serve(M))

where M is the set of all the method labels of the concerned active object.
An initial configuration consists of a single activity, with the user program a as current term: u[a; ¢; ¥; #; @; #]. This activity
never receives any request, it communicates by sending requests, creating activities, or receiving replies.

FifoService
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Fig. 10. REPLY.

4.3. Well-formedness

Let FL(y) be the list of futures that have been calculated, the current futures (i.e., f, and those in the continuation of the
current term), and futures corresponding to pending requests. It is depicted by the rectangles at the bottom of the activity
in Fig. 2.

Definition 2 (Future list).

FLiy) = (ff7 |{/§‘ij P eFy )iy Fa) = P77 1 Imyuff 77 1eR,)
where { }{(g T:H;) D=t fi(?é £d o f.b
Let ActiveRefs(a) and FutureRefs(«) be respectively the set of active objects and the set of futures referenced in o:
ActiveRefs(a) = {8 | A edom(on), 04 (1) = AO(B)},
FutureRefs(a) = {fiﬁ” |3 edom(oy), o0 (1) =fut(fl.”ﬂ)}

Definition 3 (Well-formedness). A parallel configuration is well-formed if all local configurations are well-formed, according
to Definition 1; every referenced activity belongs to the configuration; and every future reference points to a future that
either has been calculated, or has a corresponding entry in a pending request queue:
F (Ay,04)0K A F (1g,04)0K
F POK < Va € P, { B € ActiveRefs(ax) = B € P
fiﬁﬂ' € FutureRefs(«) =>fi’3HV e FL(y)
Property 2 (Correct reduction). Well-formedness is preserved by parallel reduction:

FPOKAP—P — FPoK

4.4. Future and parameter isolation

The following property states that the value of each future and each request parameter are situated in isolated parts of
the store. Fig. 11 illustrates the isolation of a future value on the left and a request parameter on the right.

Property 3 (Store partitioning). Let

ActiveStore(a) = copy(iy, oa) U U copy(t, 64),

telocs(ay)
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e The store o,

. copy
(Lfaaa)

Fig. 11. Store partitioning: future value, active store, request parameter.

At any stage of computation, each activity has the following invariant:

ou 2 | ActiveStore(e) & @ copy(.o0) @ @ copy(ur,on)
{fr>iptefy Ujitrif1€Ry

where @ is the disjoint union.

This invariant is proved by checking it on each reduction rule. The part of o, that is outside the above partition may be
freely garbage collected. The futures and parameters partitions are immutable, except for future updates.

5. Confluence and determinism

This section introduces a notion of compatibility and an equivalence relation between configurations. Then, we present
several confluence properties. Our objective is to identify what creates concurrency in ASP. ASP combines concurrent activities
with limited concurrency in order to simplify the reasoning about programs. The confluence property presented here provides
a minimal condition ensuring that two executions of the same program produce the same result. Here, two configurations are
said to be confluent if they can lead to the same result. Appendices formalize the notion of equivalence modulo future updates
and proves the crucial theorems presented in this section.

5.1. Definitions and hypothesis

First, let . denote the reflexive transitive closure of —; and ap denote the activity « of configuration P.

We suppose that the names of freshly allocated activities are chosen deterministically: the first activity created by o will
have the same identifier for all the possible executions. Non-deterministic choice of fresh activity names would require to
rename activities when defining the equivalence of two configurations. We would have to apply also the renaming to the
definition of compatibility between request sender list (Definition 6), leading to more complex notations.

We also specify future identifiers, f“_’ﬂ To simplify notations, f; is now the name of the method invoked, indexed by

its arrival number in g: if the 4" request received by g comes from y and concerns method foo, then its future is fooy_”g
Consequently, in the following, f denotes a method label.

Potential services. Let ./, be an approximation of the set of M that can appear in the Serve(M) instructions that the activity «
may perform in the future. In other words, for a given configuration P, for each activity «, if an activity may perform a service
on a set of method labels, then this set must belong to M,,,. More formally:

3Q, P SR QAay, = R(Serve(M)] = M € My,

This set is called potential services, and can be either specified by the programmer and checked, or statically inferred. Note

thatP — Q = My, € May,.Forexample, consider a program P containing two Serve primitives, one serving requests on m;
or mj (Serve(my, my)), and another serving requests on ms (Serve(ms)). Potential services would be: Mg, = {(my,my), (M3)}.
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Two requests on methods m; and m, are said to be interfering in « for a program P if they both belong to the same potential
service, that is to say if they can appear in the same Serve(M) primitive: 3M € .4, {m1,mp} € M.

5.2. Configuration compatibility

We introduce now concepts that will be useful for establishing confluence properties in Section 5.4. Informally, two
configurations are compatible if, for each activity y present in both, the list of senders of requests received by y in one
configuration is the prefix of the same list in the other configuration. Moreover, two non-interfering requests can safely be
exchanged. This compatibility relation will be a criterion for confluence and will be used to show that the order of evaluation
is entirely defined by the order of request sending.

Definition 4 (Request Sender List). The request sender list (RSL) of « is the list of the identifiers of the activities that have
sent requests to «. These identifiers are ordered by the request reception order. Each element is indexed by the name of the
invoked method. The ith element of RSL(«) is inferred from the ith future computed by the activity as follows:

(RSL(@)); = B/if f/ 7% eFL(a)

FL(«) has been defined in Section 4.3. The RSL list is obtained from futures associated to served requests, current requests,
and pending requests. This list is ordered by the request arrival order, and thus, some entries corresponding to served requests
can appear after some current or pending requests. Serve operations can be performed while another request is being served;
then the relation between RSL order and FL order is complex. However, if only the service method performs Serve operations,
then all the restrictions to potential services of the RSL and of the FL are in the same order. For a FIFO service the order of
requests is not changed from the moment they are received. Thus the RSL is directly obtained from the concatenation of the
future values in the order they have been calculated, the unique current future, and the pending requests in the order they
arrived. If fy ”* is the current future then f{~*...f’ 1 correspond to the calculated futures and f?* ... correspond to the
pending requests.

Definition 5 (RSL comparison ). RSLs are ordered by the prefix order on activities:
a1f1 ah < aﬁf{ ...a,’nf’/" & n<m A Vie[l.nl,o =af

Definition 6 (RSL compatibility: RSL(ap) »< RSL(aq)). Two RSLs are compatible if one is prefix of the other:
RSL(ap) > RSL(aq) < (RSL(ap) < RSL(aq) Vv RSL(ep) < RSL(atq))

An equivalent criteria for RSL compatibility is that two RSLs are compatible if they have a least upper bound: i.e. if
RSL(ap) U RSL(aq) exists.

Let RSL(«)|,, represent the restriction of the RSL(a) list to the set of labels M. For instance (oo :: 1 :: yf2)|(f0f2} =dfo . yf2.
Two configurations are said to be compatible if all the restrictions of their RSL that can be served are compatible. We suppose

that configurations to be compared derive from the same ancestor Py. Thus there is Py such that Py . Pand Py N Q and
then the compatibility of P and Q is defined by:

Definition 7 (Configuration compatibility: P > Q). If Py is an initial configuration such that Py — Pand Py = Q
P<Q & YaePNQ,YMeMey, RSL(@p)|y, < RSL(aq) ]y,

Two configurations P and Q are compatible if for every activity o present in both, the RSL of « in P and the RSL of « in
Q are compatible. We will show that two compatible configurations are confluent; this ensures that the execution is fully
determined by the arrival order of the request senders. In fact, the behavior of each activity is determined by the requests it
received, including their parameters; but, considering the whole configuration, the order of request senders is sufficient: it
determines uniquely the request parameters.

5.3. Equivalence modulo future updates

We now define an equivalence relation that is insensitive to future updates. First, let =g be an equivalence relation on
pending requests allowing them to be reordered provided the compatibility of RSLs is maintained: requests that can not
interfere, i.e. that cannot be served by the same Serve primitive, can be safely exchanged.

Equivalence modulo future updates, denoted by =, is an extension of = allowing the update of some calculated futures.
Informally, if one can reach an object by following a path from the root of the activity «, then the same path can be followed
in the same activity of the equivalent term and leads to an equivalent object. Paths express the accesses to parts of terms,
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Fig. 12. Cycle of futures: though different, bottom configurations behave the same.

fields, locations inside the current activity store, ... and are insensitive to the dereferencing of futures. Equivalence modulo
future updates consists in considering references to futures already calculated as equivalent to local references to the part
of store which is the (deep copy of the) future value. For =, a future is equivalent to a part of store if this part of store is the
deep copy of the future value.

The definition of equivalence modulo future updates is formalized in Appendix 8, Definition 22. We focus now on a few
sufficient conditions for equivalence modulo future update. First, two configurations only differing by some future updates
are equivalent:

REPLY
—

PSP 5 Pp=P

We also have the following sufficient condition, which is more general:

REPLY REPLY

P1—>P/AP2—>P, = P]EFPZ

But this condition is still not necessary, for example the equivalence modulo future updates deals with cycles of futures
which cannot be identified thanks to the preceding condition. Configurations with cycles can lead to executions that will
never converge but behave identically, see Fig. 12 for an example.

We exhibit now some properties of =¢. Let T be any reduction defined in Table 3: T € {LOCAL, NEWACT, REQUEST,

T L T . . T

SERVE, ENDSERVICE, REPLY}. — represents the application of the rule T and — the reflexive transitive closure of —. Then
. T L

let us denote by L5 the reduction — preceded by some applications of the repLy rule.

Definition 8 (Parallel Reduction with Future Updates).

T REPLY T . REPLY .
— = — — if T#reryand — if T = REPLY

Informally, this reduction achieves as many replies as necessary, and then applies another transition.

Property 4 (Equivalence and Reduction). If one can apply a reduction rule on a configuration then, after several repLy, the same
rule can be applied on any equivalent configuration, and an equivalent configuration is obtained.

PLQAP=P = 3Q,PLpQ A Q=0

The following corollary states that one can actually apply several rerLy before the reduction P LN Q without any
consequence on the Property 4:

Property 5 (Equivalence and Generalized Parallel Reduction).
PL»QAP=P = 3Q,PLpQ A Q=Q

These properties show a slight similarity with properties of weak bisimulation: two equivalent configurations can perform
the same reduction and become equivalent, repLy being a non-observable transition.
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5.4. Partial confluence
We now present the main theorem of this paper, it states that compatible configurations are confluent.

Definition 9 (Confluent Configurations: P; Y Py).

Two configurations are confluent if they can be reduced to equivalent configurations.

P,YP, < 3R;,Ry, Py —> Ry A Py —> Ry A Ry = Ry

Theorem 1 (Partial Confluence). If, from a given term, we obtain two compatible configurations, then these configurations are
confluent.

P AP QAQ=Q = QYQ,

The content of the confluence theorem can be summarized by: non-determinism can only originate from the invocation of
two interfering REQUEST rules on the same destination activity. The order of updates of futures never has any influence on
the reduction of a term; the only constrain to the moment when a repLy must occur is a wait-by-necessity on that future.
Even if this property is natural, it allows a lot of asynchrony and proves that the mechanism of futures is rather powerful,
even though they are single assignments variables and the calculus is imperative. Furthermore, the order of requests does
not matter if they cannot be involved in the same Serve primitive, thus some requests on different methods do not interfere;
they can be safely exchanged. On the contrary, consider two different requests R; and R, on the same method of a given
destination activity; if in Qq, Ry is before R, and in Q,, R, is before Ry ; then the configurations obtained from Q; and Q, will
never be equivalent regarding =r.

The proof of Theorem 1 is presented in Appendix A.6; the key idea is that from two compatible configurations, one can
send missing requests in the right order, and the configurations can be reduced to a common one modulo =f.

Note that if, instead of Serve(M), the service primitive was serving the oldest request coming from a given activity Serve(x),
then the resulting calculus would be fully deterministic. Indeed, the request would always be served in the same order. Such
a calculus would be similar to Process Networks where get operations are performed on a given channel and a channel have
a single source process. The next sections identify a set of terms that behave deterministically.

5.5. Deterministic Object Networks

If two different activities never send concurrently to the same target activity a request on a given method (or set of method
labels M that appears in a Serve(M)), then no conflict can appear and the reduction is confluent. To formalize this principle,
we define a deterministic object network (DON) as a program that, at any time, for each set of label M on which « can perform
a Serve primitive, only one activity can send a request on methods of M.

Definition 10 (DON). A configuration P is a Deterministic Object Network if it verifies the property DON(P):

DON(P)« (P > Q= VYaeQ, YMeM,,,3' pcQ,3meM,
ag = RL.m(..)] A op(1) = AO(«)

where 3! means “there is at most one”.

DON(P) implies that two activities cannot be able to send requests that can interfere to the same third activity, and thus
RSLs are compatible.

Property 6 (DON and compatibility). DON terms always reduce to compatible configurations:

DONP) AP -5 Qi AP—5Q = Q =Q

As compatibility implies confluence, the set of DON terms is a deterministic subset of ASP terms that cannot be identified
purely syntactically.

Theorem 2 (DON determinism). DON terms ensure the Church-Rosser property:

DON(P) AP —Q; AP— Q) = Q1Y Qy
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5.6. Toward a static approximation of DON terms

The DON definition is dynamic. However, it could be approximated by statically determining the set of active objects that
can send a request on method m of activity «. Thus, a static approximation of the set of activities and of the remote method
invocations performed on those activities is necessary. Static analysis has been studied in the literature. Our objective is not
to detail a static analysis of ASP because it would be very similar to existing works; we rather explain how such an analysis
could be used to statically ensure determinism. Additionally, Section 6 will show how component-oriented programming
can be used to statically ensure determinism. Suppose one has a static approximation of activities: &, 8, .. ..

Definition 11 (Approximated call graph). An approximated call graph G(P) relates activities by the method they accept. We
write & ﬂ B € G(P) if a request on the method foo may be sent from & to 4. More formally:

P 5 Q A Guq=Z1f00()] A 0y () = AOB) = & 2% f e G(P) € G(P)
We define a faithful approximation as an approximation that does not merge two dynamic activities as a single static one.

Definition 12. Astatic approximationis faithful for anactivity «, written F(«), if whenever & = y theno = y.An approximated
call graph is faithful if for all & ﬂ B € G(P), it is the case that F(8).

Two real activities can be merged into a single abstract one but not the opposite. Then, the following property is an
approximation of DON terms:

Definition 13 (Static DON). Suppose G (P) is faithful. Let the potential service be approximated such that .# 4, € .# bp- Then
a program P is a Static Deterministic Object Network, SDON(P), if the following condition holds:

G#d AGTBFeGP) A a TS eGP) = YMeMg, (m,my) Z M
Theorem 3 (DON determinism).
SDON(P) AP —5 Q) AP—>Q = Q1 Y0,

Proof. It is sufficient to prove that SDON(P) = DON(P). Suppose P is not a DON, then it may eventually send two concurrent
requests, and thus there is an activity g of a configuration Q such that P — Q and:

e = Rlemy ()] A 0a 1) = AO(B)

IM e Mgy, 3 # o, Imy,my € M, {aa/ _ @[tz.mz(t/z)] A 0w (iz) = AO(B)

Then, by definition of G(P) & ﬂﬂ € G(P) and similarly for m,. As G(P) is faithful, & # o’. Finally P is not a SDON because:
GFEAAGTEFEGP) A aTBpeGP) AmpmyeM A MeM; O

5.7. Tree topology determinism

This section can be seen as a simple application of SDON that has the advantage to be valid even in the highly interleaving
case of FIFO services. The request flow graph R is the graph where nodes are activities and there is an edge between two
activities if one activity can send requests to another one:

¢ —> BeER S Efoo.dmﬂ' eGP
If the request flow graph is a tree then the term verifies the SDON definition.
Property 7 (Tree Request Flow Graph). If the request flow graph R forms a set of trees then the reduction is deterministic.

The next property is a direct application of DON determinism. It is both more dynamic and thus more precise considering
control flow; and only sensitive to object topology and thus less precise considering the global references really used. The
activity dependence graph A is a graph where nodes are activities, and there is an edge between two activities if the store of
an activity has a reference to another activity: (&, ) € A if 3, 04 (1) = AO(B).

Property 8 (Tree Topology). If at every step of reduction the activity dependence graph A forms a set of trees then the execution
is deterministic.
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Of course, Properties 7 and 8 can be combined and one can remove from the activity dependence graph, every edge on
which no communication is performed. FIFO is, to some extent, the worst case with respect to determinism, as any change
to the order of request reception will lead to non-determinism.

5.8. Channels in ASP

DON terms are ASP programs behaving deterministically; to some extent, these programs are related to Process Net-
works [14]. To show this, we define channels in ASP and use them to relate Process Networks with DON terms.

Definition 14 (Channels). Let channels be pairs (M, «) where M is a set of method labels and « a destination activity. Let S be
a set of channels such that, for all (M1, @), (M, @) € S:

My #My = Vmy e Mi.my € My. AM € Mg, {my,my} € M

For each program P, there are many valid sets of channels forming a lattice. At the top, the less precise repartition has one
channel for each activity (Upye Mep M, @) In the case where one only serves one method at a time, the most precise set of
channels is pairs (method label, activity).

This notion of channel relates DON to the Process Networks: a program where each channel has only one source activity is
clearly a DON program; and in Process Networks, each channel has only one sender process. ASP can be seen a generalization
of Process Networks because one can wait on several requests simultaneously, and futures act as hidden channels insensitive
to reply order.

5.9. A deterministic example

We show below how the theorems presented in this section can be applied to the examples of the sieve of Eratosthenes,
presented in Section 3.5.

The pull version (Fig. 3) is deterministic because, as shown in Fig. 4, its activities dependence graph always forms a tree,
and is a SDON. To be precise, during the creation of a new activity for a new Sieve, during a small time, the topology is not a tree
because both Sift and the activated Sieve have a reference to the former first Sieve, see Fig. 4. However, following the remark
of Section 5.7, it has no consequence because when the topology is not a tree, Sift does not use this link to communicate.
This example shows that tree topology of activities can easily be used to prove determinacy.

We now focus on the push example because, there, every Sieve activity always keeps a reference to the Display (Fig. 5), and
determinism can only be verified by a more dynamic property: this program is not a SDON. Indeed what ensures determinacy
is the fact that as soon as another Sieve is created, the former one no longer sends results to the Display. As soon as a new
Sieve is created, the preceding one no longer uses its reference to Display. We call Sieve, the name of the nt created sieve
activity.

First, the Sieve of Eratosthenes is deterministic because its RSLs are the same for every execution, and thus are compatible.
More precisely, in every execution the RSLs are of the form:

RSL(Sievey) = Sieve,,_q :: Sieve,_q :: Sievep,_q :: ...
RSL(Display) = Sieve; :: Sieve, :: Sieves :: ... :: Sievey

We can also show that the Sieve of Eratosthenes is DON. For the Display activity which is the only that is accessed by
several others, consider the activities that can send a request do Display. The Display.put request can only be invoked from
the last created Sieve, between the first put request served and the next sieve creation:

Usieve, = Rluput(...)] A og()=A0(Display) = Sieveyis the last sieve

Consequently, at most one activity can send a request to the Display at each moment, and finally the push version of sieve is
a DON. The static analysis necessary for verifying DON is simpler than inferring exactly all the possible RSLs as shown above.
However, direct and automatic static verification of DON is still difficult to implement.

In the sieve example all the activities always serve the only request (put or get) that can be sent to them. Like FIFO service,
this case is the worst one with respect to determinism: SDON determinacy is equivalent to tree determinacy. The interest of
SDON compared to tree determinacy lies in its ability to generalize determinacy properties to activities selectively serving
different requests coming from different activities. Fig. 13 shows a configuration that is a SDON but do not verify the tree
determinacy, it corresponds to the term:
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Serve(my)

S’erv.e.(.ml)

Lo d s [ma] ma [ om ]

Fig. 13. A deterministic configuration according to SDON.

Server Interface Client Interface

Sh lcn,

SIH & {cr,
C»;Ob

Fig. 14. A primitive component.

let gamma = Active([. ..Serve(my)...Serve(my)]) in
let alpha = Active([...gamma.my ...]) in
let beta = Active([...gamma.m; ...]) in

6. Deterministic components

This section demonstrates how to build hierarchical, distributed, and deterministic components upon ASP calculus. The
component approach presented here is realized by asynchronous components communicating by asynchronous method
calls. We show how components can be used to ensure the DON property. Indeed, components provide an abstraction for
the topology of active objects: the component structure is an abstraction of the activity structure. The SDON property can
be ensured by analysis of the component structure.

6.1. Primitive components

Primitive components are the base of the component assembly, they encode the business code, and have provided (server)
and required (client) interfaces.

Definition 15 (Primitive Component—Fig. 14). A primitive component is characterized by a component name Name, together
with names for its Server Interfaces (SI), and for its Client Interfaces (CI).

PC ::= Name < {S;)<-k (clyet-! >

We define Exported(PC) = {SI;}*¢!-¥, and Imported(PC) = {CI;J<!-.

Primitive Component Activity: To give functionalities to a primitive component, we attach it an ASP term a corresponding to
an object to be activated; the service method srv to be triggered on activation of a; a mapping from SIs to subsets of the
served methods; and a mapping from CIs to names of fields of the object a, these fields will store references to components.
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M range over the set of method labels, and .Z over the set of field labels.

\[,
Y

Fig. 15. A composite component.

PCyer := Nameg < a, STV, 95, 0c > y
os : Exported(PC) — g (M)
where {fpc : Imported(PC) — &

are total functions
6.2. Hierarchical components
From primitive components, composite components can be built by interconnecting components and exporting some SIs

and Cls. To simplify notations, we suppose that each interface of a primitive component has a unique name (qualified names
could be used for disambiguation).

Definition 16 (Composite Component). A composite component is a set of components (Cy, ... ,Cy)) exporting some server
interfaces (es), some client interfaces (ec), and connecting some client and server interfaces (defining a partial binding v ):

CC ::=Name « Cq,...,Cn; es; ¥; ec >
where a component G is either a primitive or a composite one:
C:=PC|CC

And each CC definition (Name « Cq,...,GCn; es; ¥; ec >>) verifies that a given CI can only be connected once, and only the
interfaces of the direct sub-components can be plugged or exported:

&g C U Exported(sc) is also denoted Exported(CC)

sceCy...Cn
e U Imported(sc) — U Exported(sc) is a partial function
sceCq...Cn sceCy,...Cm
ec C U Imported(sc) is also denoted Imported(CC)
sceCy...Cn

Such that dom(y) Nec = @

A composite component forwards the requests it receives to its sub-components, and forwarding the requests emitted
by its subcomponents. According to the bindings requests can be sent from the external world to sub-components, from
sub-components to the external world, or directly between two sub-components. Fig. 15 shows a composite component
composed of two components with all kinds of allowed bindings; arrows show the flow of message forwarding. [18] gives a
translational semantics for ASP components.

Definition 17 (Closed Component). A component C is closed if it does not export or import any interface:

Imported(C) = ¥ A Exported(C) = ¢
Definition 18 (Complete Component). A primitive component is always complete. Acomposite component Name « Cy,... ,Cn;
ss; ¥ ec > is complete if it is formed of complete components and all the interfaces of its inner components are plugged or

exported:

Cq,..,Cp are complete A dom(y) Uec= U Imported(sc) A codom(y) Ueg = U Exported(sc)

sceCq...Cn sceCy...Cn
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Non-complete component can lead to deadlocks or requests without destination, because some of their subcomponents
are not completely connected. However we chose to allow non-complete components to be defined.

6.3. Determinism and components

We now use SDON definition to build deterministic components. For this, we define the deterministic assemblage of
components based on the fact that primitive components provide an abstraction for activities. Then, the SDON definition
can be ensured by the specification of deterministic primitive components and connections of interfaces. We first require
that for any two methods belonging to a given SI, those methods cannot interfere. If additionally, each SI can be accessed by
a single primitive component. Then, ensuring that only one CI is plugged to each SI avoids interfering requests and ensures
confluence. As each primitive component PC is an abstraction of an activity, we denote Mpc the potential services associated
to the activity defined by PC.

Definition 19 (Deterministic Primitive Component (DPC)). A primitive component PC = Name < {SI;}€1-k, {CL;y)<!-! > is a DPCif
itsactivity Namey < a,Srv, g5, oc > associates its server interfaces to disjoint subsets of the served methods of the embedded
active object; and such that two interfering requests necessarily belong to the same SI:

vi,i' e 1.k, i # 1 = @s(SI)) Nos(Sly) =0

{VM € Mpc, i e 1.k, M C ¢s(SI;)

Definition 20 (Deterministic Composite Component (DCC)). ADCC is a composite component built by connecting deterministic
components.

DC ::= DCC | DCP
DCC ::= Name « DCq,...,DCpy; e5; ¥r; ec >

where each Sl is only used once, either bound or exported:
¥is an injective partial function A codom(y) Nes =0

ADCC assemblage verifies the SDON property because each DPC statically identifies an activity; and the absence of sharing
of SIs ensure that two activities cannot send concurrent requests on the same SI.

Theorem 4 (DCC determinism). DCC components are deterministic.

This is due to the simple forwarder role of composite components: a request sent by a PC will be (indirectly) transmitted
to another PC that is connected to it. Neither the content nor the order of requests on a given binding is modified by the
composite components. To summarize, DCCs statically ensure deterministic behavior of component, based on the following
requirements:

o Potential services can be statically determined or are specified and checked dynamically (every served set have been
declared as a potential service).

o Sl interfaces are respected: they only receive requests on the methods they define; this could be checked by typing
techniques [7], on ASP source terms.

o Requests follow bindings, they are neither modified nor reordered.

o There is a bijection between primitive components and functional activities.

The two first requirements correspond to static analysis or specification; whereas the two last ones must be guaranteed by
the component semantics.

7. Related works
7.1. General formalisms

The ASP-calculus is based on the untyped imperative object calculus of Abadi and Cardelli (imp¢-calculus of [ 7]). ASP local
semantics looks like the one described in [ 13] but we did not find any concurrent object calculus [19,20,21] with a similar way
of communication between asynchronous objects. Thus the ASP calculus seems to introduce new characteristics, especially
asynchronous communications with futures which are interesting both in theory and in practice (e.g. hiding latency in wide
area networks).

Proving equivalence between terms can be performed by introducing bisimulation on an object calculus like in [22]. We
decided to express an equivalence relation specific to ASP but some aspects of our equivalence are close to bisimulation
techniques. CIU (Closed Instance of Use) equivalence introduced in [22] deals only with static terms. In order to capture the
intrinsic properties of the calculus, we were first interested in dynamic properties like confluence, thus CIU equivalence is
inadequate to our problem.
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7.2. Concurrent calculi and languages

Obliq and @jeblik. Obliq [23] is a language based on the ¢-calculus that expresses both parallelism and mobility. It is based
on threads communicating with a shared memory. Like in ASP, calling a method on a remote object leads to a remote
execution of the method but this execution is performed by the original thread (or more precisely the original thread is
blocked). Moreover, for a non-serialized object, many threads can manipulate the same object. Whereas in ASP, the notion
of executing thread is linked to the activity and thus every object is “serialized” but a remote invocation does not stop the
current thread because of the futures mechanism. Finally, in ASP wait-by-necessity is sufficient for synchronization and no
specific notion of thread is necessary. @jeblik [12] is a subset of Obliq, expressive enough for allowing the expression of
any Obliq program. A formal semantics has been defined for @jeblik. The main results on @jeblik concerns migration. The
generalized references for all mutable objects, the presence of threads and the principle of serialization (with mutexes) make
the Obliq and @jeblik languages very different from ASP. In fact there is no way of ensuring a confluence property similar to
ours on Obliq.

More generally, Gordon and Hankin [19], and Jeffrey [20] also introduce parallel calculi based on threads and shared
memory which are, for the same reasons as @jeblik inadequate to our case.

w-calculus. m-calculus is based on communications over channels. Pierce and Turner introduced a language derived from
w-calculuspicT to implement object-based programming and synchronization based on channels in [24].

Our calculus could be rewritten in the w-calculus [25,26] but this would not help us to prove our confluence property
directly. Indeed, in w-calculus, synchronization is based on channels. On the contrary, ASP relies on data-driven synchroniza-
tion over an imperative object calculus, and thus its semantics is different from = -calculus. Indeed, while the synchronization
in ASP is implicit, the w-calculus impose to explicit synchronization channels; the same constraint in ASP would require one
to know the first point where the value of a future is needed, and communication for the reception would be explicit, this is
both complicated and undecidable in the general case. Thus, it seems impossible to express in the z-calculus the distinction
between asynchronous requests and sequential method call that exists in ASP, because it is impossible to distinguish them
statically. For example a systematic access to objects through an additional channel that is only filled when the future value
is calculated (in the case of a future), cannot be encoded directly.

Under certain restrictions: linear and linearized channels [2,3] =-calculus terms can be statically proved to be confluent
and such results could be applicable to some ASP terms. Our objective here is to have a very general confluence property,
even if it is in general not statically verifiable. Then several static approximations of this properties can be performed. Still,
our confluence property is closed to linearized channels. Indeed, using the channels defined in Section 5.8, programs that
verify the DON property would be considered in w-calculus as communicating over linearized channels and would behave
deterministically. ASP can be considered as richer because updates of response along non-linearized channels are allowed.
Moreover, channels in ASP are more flexible than in w-calculus because several methods can be in the same channel, and
one can wait for a request on any subset of these method. We can perform a Serve on a part of a channel without losing
determinacy.

Process Networks. Process Networks of Kahn et al. [5,14,27] are explicitly based on the notion of channels between processes,
performing put and get operations on them. One channel can link at most one source process and many destinations.
Destinations do not split the channel output, but each one reads every value put in the channel. The reading on a channel is
performed by a blocking get primitive. The order of reading on channels is fixed by the source program. Process Networks
are deterministic. Process Networks provide confluent parallel processes but require that the order of service is predefined
and two processes cannot send data on the same channel, which is more restrictive and less concurrent than ASP.

The ASP channel view introduced in this paper can also be compared to Process Networks channels. Like in the 7-calculus
case, ASP channels seem more flexible and our property more general especially by the fact that future updates can occur at
any time: return channels do not have to verify any constraint and Serve can be performed on a part of a “channel”.

The wopx language. woBx [1,28] is a concurrent object-oriented language. A sufficient condition is given for increasing the
concurrency without losing determinacy. For program verifying this condition, one can return results from a method before
the end of its execution. Then the execution of the method continues in parallel with the caller thread. This sufficient
condition is expressed by an equivalence between original and transformed program. =082 can be translated to (dialects
of) the 7-calculus (e.g. [29]). From such a translation, Sangiorgi [30], and Liu and Walker [31,32] proved the correctness of
transformations on roBA described in [28].

In woB2, a caller always waits for the method result (synchronous method call), which can be returned before the end
of the called method. In ASP, method calls are asynchronous thus more instructions can be executed in parallel: the futures
mechanism allows one to continue the execution in the calling activity without having the result of the remote call. A simple
extension to ASP could provide a way to assign a value to a future before the end of the execution of a method. Note that
in mopBA this characteristic is the source of parallelism whereas in ASP this would simply allow an earlier future update; in
ASP the source of parallelism is the object activation and the systematic asynchronous method calls between activities. The
condition given in [28], stating that the result of a method is not modified after being returned, has its counterpart in ASP
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by a deep copy of the result (Property 3: Store partitioning). Similarly, the unique reference condition from the same work is
reflected in ASP with the constraints on objects topology (no remote reference to passive objects).

Actors. The active object concept is rather closed to, and was somehow inspired by, the notion of actors [33,34]. Both rely on
asynchronous communications, but actors are rather functional, while ASP is in an imperative and object-oriented setting.
While actors are interacting by asynchronous message passing, ASP is based on asynchronous method calls, which remain
strongly typed and structured, with future-based synchronizations and without explicit continuations. To some extent, ASP
future semantics accounts for the capacity to achieve confluence and determinism in an imperative setting. Finally, the
bisimulation techniques used by Agha et al. in [33,34] would have been inadequate to obtain the main result presented in the
current paper: a strong, somehow intrinsic, but dynamic property on processes interacting by asynchronous communications.

To some extent, this article develops the idea introduced in [34,33] that “The behavior of a component is locally determined
by its initial state and the history of its interactions”. However, we chose to take into account a more global history in order
to be only sensitive on the order of the message senders instead of the complete history of messages. In ASP, the history of
an activity interactions is uniquely determined by the RSLs of all activities.

Other languages and calculi. Futures have first been introduced in Multilisp and ABCL [35]. More recently, programming
paradigms similar to ASP have been developed in different contexts, among them one can distinguish A(fut), Creol, and
AmbientTalk. The join-calculus is also a key calculus that could be compared to ASP. We detail those related works below

Halstead defined Multilisp [36], a language with shared memory with futures. But the combination of shared memory and
side effects prevents Multilisp from being determinate. In some way, this paper adapts the notion of futures in a distributed
asynchronous object calculus.

A(fut) is a concurrent lambda calculus with futures, with non determinism primitives (cells and handles). In [37], the
authors define a semantics for this calculus, and two type systems. This paper provide a very good formalization of futures,
with explicit creation point, for lambda calculus; much in the same spirit as in Multilisp. This formalization is better suited for
multithreading, whereas ASP is particularly adapted to distribution. Alice [38] is an ML-like language that can be considered
as an implementation of A(fut).

Ref. [39] provides a language with futures that features “uniform multi-active objects”: roughly each method invocation
is asynchronous because each object is active; each object has several current threads, but only one is active at each mo-
ment. However, their futures are also explicit: a get operation retrieves their value. The authors also provide an invariant
specification framework for proving properties on such multi-active objects with futures. This work is also a formalization
of the Creol language [40].

AmbientTalk [41] is a language closed to ProActive and ASP. The main difference is that, in AmbientTalk, invocations on
futures are asynchronous. This changes much the flow of execution, in a way that may be difficult to grasp for the programmer.
A variant of ASP could be used as a model of AmbientTalk, providing interesting confluence properties.

The join-calculus [42,43] is a calculus with mobility and distribution. Synchronization in join-calculus is based on filtering
patterns over channels. The differences between channel synchronization and data-driven synchronization described for the
w-calculus also make the join-calculus inadequate for expressing a semantics closed to the one of ASP.

7.3. Static analysis

We presented here dynamic properties ensuring confluence, as well as a first step toward static approximation of these
properties. It is beyond the scope of this paper to design a static analysis of a (distributed) object language, we provide below
some related works that would be useful in order to design a convenient static analysis. The set of active objects and their
topology could be approximated statically, using classical static analysis techniques [44,45,46].

A simpler methodology like balloon types [47] could also be useful. Balloon types [47] express a way of restricting the
object topology by typing. The balloon types topology is a sub-case of the topology that is sufficient for confluence of ASP
programs and it is simple to verify (typing). Indeed, if we applied a balloon types methodology, it would create an objects
topology where references between activities form a tree and these reference only link active objects. In ASP, passive objects
can reference active ones. Thus the topology of objects ensured by [47] is sufficient but not necessary.

In [48], the topology of object graphs has been analyzed by a static analysis [46] to parallelize programs. It uses a variant
of the Tree Determinism property.

8. Conclusion

We proposed a calculus modeling asynchronous communications with futures in object systems, and exhibited con-
fluence properties. Such properties simplify programming as they prevent the programmer from having to study every
possible interleaving of instructions and messages to understand the behavior of a given program. More than determinism
properties, this paper also clearly identifies the interferences that can be source of non-determinism. Furthermore, data-
driven synchronization alleviates the programmer from the study of synchronization, and thus, it is a very convenient way
of programming.
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The ASP calculus is based on asynchronous activities processing requests and responding by means of futures. When an
activity has sent a request, it can perform other operations while the result value is not needed and the result to come is
represented by a future. Such futures are first class entities that can be passed as parameter and results. We also extended
ASP into a distributed and hierarchical component model.

ASP ensures a confluence property on compatible terms: two configurations with compatible RSLs (Request Sender
List) are confluent. To summarize, the execution is only determined by the ordered list of activity sending requests to a
given one. What makes ASP properties powerful is the insensitivity to the moment when results of requests are obtained.
Consequently, an equivalence relation was introduced to consider equivalent a term before and after the repLy reduction.
We defined a sufficient condition for determinacy: Deterministic Object Networks (DON) terms behave deterministically. We
proved that every program communicating over a tree (Property 7: Tree request flow graph) behaves deterministically, even
in the case of a FIFO service. All these properties illustrate the fact that the future mechanism in an imperative language
seems rather powerful and convenient. Components can provide a way to statically identify active objects, i.e. distributed
entities: components are the unit of distribution and concurrency. This allows the definition of deterministic composition of
components, that are easy to identify statically.

To summarize, confluence properties result from several factors. First, futures are immutable entities, which ensures that
their value is the same whatever moment they are accessed. Second, activities are mono-threaded, which, together with the
absence of shared memory between activities, prevents concurrent accesses inside each activity. Consequently, concurrency
is restricted to requests simultaneously sent from different activities to the same destination.

In the proposed framework, deep copy is necessary to ensure the ASP properties. A study of shared memory ensuring
the same properties (e.g., “share on read”) is beyond the scope of this study and may be difficult to implement efficiently.
However, some of the properties proved in this paper can be used to lower the cost of sending this deep copy along the
network, for example:

o We could send a future instead of the deep copy of the parameter when calling a request, and update this future only if
the request parameter is really needed thus using the wait-by-necessity mechanism.

o request sending could be performed in parallel with other operations. The only requirement is to ensure causal ordering
of requests, for example by adding a FIFO sending queue on the sender side.

Both solutions still require a deep copy of the request parameter to be performed locally at the request sending point.
As a perspective, more precise static approximations of DON programs are still to be investigated. It would also be
interesting to specify M,, statically.

Appendix A. Technical details on the equivalence modulo futures

This appendix formalizes the equivalence modulo future updates and proves its main properties. In the proofs, we will
not detail cases of repLy and rReQuEesT Where « = 8, indeed these are considered as special cases and can be deduced from
the study of the general cases of rRepLy and reQuEsT. We only detail here the most crucial proof, i.e. the proof related to the
relationship between equivalence and reduction (Property 4).

A.l. Renaming

Remember that we consider for confluence properties that activity identifiers are chosen deterministically and thus
renaming of activity identifiers is not necessary; consequently, we only define renaming on future identifiers. ® is a renaming
of futures, i.e. an alpha-conversion of futures:

O = {{fiﬂﬁa <—fi/’5_’°‘,.“ }},

A.2. Reordering requests (R{ =g Ry)

The equivalence relation is defined modulo the reordering of some requests. Two requests can be exchanged if they
concern methods which cannot interfere; i.e., if there is no service concerning both method labels.

Two request queues are equivalent if all their restrictions on requests that can interfere in the same Serve(M) are equivalent.
In other words, for every set M of labels belonging to a Serve(M) primitive of « the list of requests that can be captured by
Serve(M) is equivalent in both configurations («p and «q ). Moreover, in this article, we only compare terms coming from the
same initial configuration Py; as Map, is a static approximation, the potential services of two compared configurations are
the same. R; is a correct reordering of the request queue R, if and only if Ry =g R, where =g, is defined in Table A.1. The first
rule expresses the fact that two requests can be exchanged if they do not interfere. The other two rules express reflexivity
and transitivity.
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Table A1
Reordering requests

{M € Map |mi1 € M}N{M € Map |m2 € M} =0
Ry [ma;ens fu] = [maseg; fa 2 Ro =R Ry = [ma;io; fo] = [ma; s fi] = Re

RER R1 Rl =R R/
R =R R/

RERR

Fig. A.1. Simple example of future equivalence.

Table A.2
Path definition

[l = bi;my = <(x5,95) )i m omy (o0 @il — ',y <2}

Ra =R R/
ali(®) Sy b at fbppa e —

- [m;e; f] = R ﬁ)mqs i O
op g R

A.3. Future updates

The equivalence modulo future updates consists in considering the reference to calculated futures like local reference to
a deep copy of the value of the future. In other words, future references can be followed as if they were local references to a
deep copy. Thus, when two futures references concerns the same future, they are not considered as aliases. Fig. A.1 illustrates
an update of a future value. The two configurations are equivalent.

A.3.1. Following references and sub-terms

We formalize below the idea that “future references can be followed as if they were local references.” We first define the
relation +>; expressing paths inside an activity. Then & 1 expresses paths that can follow future references.

We first define a +>4 b. x indicate the path inside an activity that has to be followed for going from the term a to term b.
Table A.2 shows a few examples of primitive paths. Then paths are defined inductively concatenating primitive paths in a
straightforward manner . denotes paths concatenation (e.g. a rﬁm Lbedca »ﬁq_] s 1, b).

The only particular details in the definition of paths are the following. Bound variables are renamed inside the rule that
enters a method body in order to avoid considering alpha conversion of formal parameters at a higher level. Starting with an
activity identifier, a path begins with an access to the current term a, active object location , futures values F, current future
f, or pending requests. Equivalence of pending requests uses = (Table A.1). Note that there is no b such that AO(8) *>x b or
fut(fr=F) Sy b.

Let & 1 be the preceding relation where one can follow futures if necessary and thus cover other activities than .
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Definition 21 (a f”—iL b).

a Sy, fut(f 7P AF (P = A

« . F1 72— P2 v2=>hFay _
a 'w_>L0...Ln be m=0Aa 'E)Lo by v El‘i-fi- i, yilgn (/7\;3] (Ll/\) =1, fut(fz ) A Fﬂz (fz ) =12

B
gy (tn) 1, b

This definition first follows a path inside an activity «, then follows a future reference from « to g1, and continues the path
in B; etc. Note that when one follows a future reference, two local (ref) and one future references are in fact considered
as identical to a single local reference. In other words, the following of local and future references from fut(f,.”_)ﬁ 1y in o to
op, (11) in By is not taken into account in the path L. For example, in Fig. A.1 the three arrows of the first configurations that
are around the future reference (the future reference plus the arrow before and after) are considered as equivalent with a
single arrow on the second configuration.

Furthermore, following a path from a given term leads to the same expression except if the destination of the path is a
future reference:

Lemma 1 (Uniqueness of path destination).

« b —b—b (0 () = fut (") V(™) = )
apbras b= b=b 3w fuy.s r ST
The particular case (when b # b’) occurs when the destination of the path is a future reference. Thus, the path does not
necessarily follow this reference. For example, if b =, in g, where o, :fut(f,f%) then one can have b’ = where ¢ is the

location of future fut(fY ~°) in g.

A.3.2. Equivalence definition

Below is a formal definition of equivalence modulo future updates. The first condition (1) expresses the equivalence both
inside an activity and by following futures and the last two conditions (2, 3) express the correctness of aliasing (alias must
be the same in both configurations). These two last conditions will be named alias conditions in the following. Note that in

the alias conditions the existence of a’ and a” such that ap ¥>; @’ and ap >, @’ is already ensured by the first condition.
Consequently, the alias conditions ensure that a’ = a” and @’ and a” are “correctly aliased”.

Definition 22 (Equivalence modulo future updates: P =f Q).

P=Q & YastaecPvaecR VL (Ha, ap > a4 e 3d, ag >, a/> (1)

L=Ly.Lq AL =L;.L ALy +0
AVL L, a,(ap »iLa/\ap DE)Lf GQEC,Lo,Lé,a/,LLL/],y a* y , 0 a* y , >
QR >, C>p @A OR P—)Lb CHL% a

LeLogli AU =L AL #0
AVL,L’,G,(&RIE)LGAQRI£>L/a:}ﬂC,LQ,LE),a,,L],L,],y a* y /0 1 o y , )
ap = C=>p @ A ap I—>L(rJ CI—)L/1 a

where R = Q® and O is a renaming of future identifiers.

The alias conditions can be expressed as follows: “if two paths lead to a common term (e.g., the same location) then in
the equivalent configuration these paths also lead to a common term.” On the left of the implication, the paths are local to
an activity. Actually two references to a future leads to the same future value, and are aliased; while the two updated futures
will be two different deep copies of the future value; consequently, ensuring correctness of aliases is sufficient on local paths.
The paths on the right of the implication can follow the future references but the last alias must be local to an activity. This
condition ensures that the last pair of paths (L and L} ) will still be aliased when the future values is updated. If some aliases

appear before the last one (if Ly # Lj)), then alias conditions also have to be verified with Lo and L: ag |1>LO C Aag ’le ¢ must
correspond to aliased objects in «p. Note that alias condition is trivially true when L =L'.

The roles of the different paths in the alias conditions are also illustrated in Fig. A.2. One can verify that the alias of paths
L and L’ in the bottom configuration is simulated by two aliases in the first one. Note that the last alias is local to an activity.

Property 9 (Equivalence relation). = is an equivalence relation.

In the following equivalence of sub-terms will be needed: sub-terms are equivalent if they are part of equivalent expressions.
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Fig. A.2. The principle of the alias conditions.

Definition 23 (Equivalence of sub-terms).
a=pd &3, acapnd cag AP=pQn (O(p g;[_ a, < ag g;[_ a’>

This definition means that equivalent sub-terms will be implicitly related to the configurations to which they belong.
Consequently, writing a =r a’ will suppose that there are two configurations P and Q such that P =¢ Q. The definition
of equivalence modulo future updates on configurations has the following consequences on the sub-terms.

Lemma 2 (Sub-term equivalence).

a=pd = VL <3b, a f’i:y bsab, a .‘i:L, b’>
L=Lgli AL =L .L' ALt #0
AVL L, b, ats;  baars, b= 3c Ly Lo b, Ly, L, . 0,
L L 0-%o LY G/DLLOC'LLI b’/\a/"i%c»lqa b
L:L@L]/\L’:Lé.LQAL]#@

AVL L, b, @ & bad &Sy b= 3cLo,b L,y o v - v
a»—>Loc»—>le /\a»—>Lécn—>Lab

A.4. Properties of =

This section details properties of = that are useful in order to prove Property 4 and finally confluence. The following
property is a consequence of Tables A.1, A.2, and Definition 22:

Property 10 (Equivalence and compatibility).
P=Q=P=Q

Consider now the case where a new entry is added to the store of two equivalent terms and is referenced from the same
place in both terms. Adding equivalent sub-terms at the same place in two equivalent configurations produces equivalent
configurations:

Lemma 3 (= and store update).

P=fQ A a=pd A FPOK A FQ'OK
tedom(ogy) Al € dom(oy,) A t=pl

P’ = P except oy, = {t = a} + gup

Q’ = Q except Oay = (V= '} + oo

=P =F Q,
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The condition “+~ P'ok A + Q'0K” ensures that local or generalized references inside a and a’ are already defined in P and
Q. Furthermore, : =¢ /' is a necessary condition because : and /’ are already in P and Q and thus must be reached by the same
path. An equivalent version consists inreplacing the condition € dom(oy,) A" € dom(oy,) A v =f ' by:3L, ap L LA ag P

Lemma 4 (= and substitution).

i=pl s aflx <} =pafx </}

This lemma proves the soundness of = with respect to the substitution applied in the INVOKE rule.
Deep copy is defined by: Copy&Merge(o,; o’,/') = Merge(/, o’ ,copy(,0) i< ). This can be reformulated using the notion of
paths as follows.

Lemma 5 (A characterization of deep copy).
a e copy(,op) < 3L, ¢ 0£>L a

This characterization only describes the domain of the deep copy; the following requirement is still necessary to specify
that the codomain of the copied store is identical to the original one: " € dom(copy(:, o)) = copy(t,0)(') = o (/). The following
lemma is a consequence of the preceding properties.

Lemma 6 (Copy and merge).
If P’ = P except oy, =Copy&Merge(og,, o ; oap, 1) then

B apr
t(]l—P;La = LI—P>[_(1/

Bp* —
L0r£>L(1 @LDLLG/

Lemma 6 states that the part of the store that is deeply copied verifies Lemma 5 and thus paths starting from the destination
of the deep copy in ap are the same as paths starting from the source location in gp. The following property states that adding
equivalent deep copies to equivalent configurations produces equivalent configurations.

Lemma 7 (=f and store merge).

P=fQ Aitecap AN eagrngepp A zbeﬂQ
azpa’ A LEFL, A LOEFL/O

P’ = P except oy, = Copy&Merge(og,, 1o ; oap, 1)
Q' = Q except oy, = Copy&Merge(aﬁq, 1 Ougs 1)

=P =Q

A.5. Sufficient conditions for equivalence

The following properties relate the formal definition of =¢ with the intuitive one saying that two configurations are
equivalent modulo future updates if they differ only by the update of some calculated futures.

Property 11 (REPLY and =g ).

REPLY
R

p P=P=P

This property is proved by checking that the updated store is equivalent with the old one. More precisely, we have the
following sufficient condition for equivalence modulo future updates:

Property 12 (Sufficient condition for equivalence).

REPLY / REPLY

Py —= P P——=P
Pl REPLY 1/ = P1=fP p REPLY Pl = P1=rP;
2 > > [

These assertions are easily proved by transitivity of =f. Recall this condition is not a necessary condition for equivalence
modulo future updates as it does not deal with mutual references between futures as shown in Fig. 12.
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A.6. Equivalence modulo future updates and reduction

We prove here that if a reduction can be made on a configuration then the same one can be made on an equivalent
configuration. This was expressed by Property 4 of Section 5.3 recalled below:

P=P AP Q=30,P »Q rQ =Q

The proof consists of two parts. First, one may need to apply several repLy rules before performing the same reduction on
the two terms. Indeed one of the configurations may require a future update to perform the reduction that is feasible on the
equivalent term: by definition of equivalence modulo future updates, some futures may be updated in a configuration and
calculated but not updated in an equivalent configuration. The second part shows that the same reduction rule applied on
two equivalent terms leads to equivalent terms.

Proof. Note that, from a given source configuration a reduction is uniquely specified by the name of the applied rule and

the names of the different activities concerned, except for repLy where the future identifier is necessary.

If necessary, REPIY s applied enough times on P’ (P’ RepLys P") to be able to apply the same reduction as P — Q (same

rule on the same activities) on P’. Indeed, for each awaited future reference, since P can perform the reduction, the future has
already been calculated in P, and P =¢ P’ implies that the future has also been calculated in P’. Thus P’ only needs to update
it.

More precisely, it is straightforward to check that if two configurations are equivalent, the same reduction can be applied
on the two configurations except if one of them is stuck. P’ n be stuck in two situations:

o In the case of a forbidden access to an object (e.g., field access on an active object or non-existing field or method) by
the definition of equivalence, the reduction on the two equivalent terms should lead to the same error. This is impossible
because P can be reduced.

o In the case of an access to a future (wait-by-necessity): if in an activity of P’ one has a,,, = .../ ... and oy, (") =fut(fl.yﬁ’3)

and the operation performed on ' is strict; additionally in P, @, = ...:... and oy, (1) is not a future. The future equivalence

ensures thatfiy_)ﬂ € Fg,,. Then it is possible to update fl.y_)ﬁ inP: P 2 pIfin Py Oy (1) :fut();V_)ﬁ) then, another
1

time, we update the future f;. After a finite number of updates, we obtain P” such that P’ REPY, P and Oapy (1) is MOt

a future reference. Indeed, if the number of updates was infinite, then neither P’ nor P could be reduced, which would
contradict the hypothesis.

Then P/ REPLYS prr where P” =g P (Property 11) and in P” oy, (') is not a future reference. Then the same reduction can be

applied on P” and P. Actually the repLy rule needs to be applied:

— 0 times if the object to be accessed is not a future,
— 1 time if it is actually a future whose value is not a future,
— several times if it is a future whose future value is itself a future reference.

Note that only the objects required by the reduction T must be updated.

Now, one has to verify that if P” = P and the same reduction rule is applied on P and P”, one obtains equivalent
configurations:

P—T>Q/\P”—T>Q’/\P”EFP = Q' =rQ

where both applications of the rule T are the same (same application points).

The proof consists in a (long) case analysis detailed below. The different cases depend on the reduction applied and the
rules applied to prove the equivalence. In the following the proofs will focus only on the cases where one of the locations
involved in the reduction points to a future in P and is an object in P” (updated future). Other cases (several futures or no
future) can be trivially obtained. Of course, we will use the fact that if two terms are equivalent, they have the same form
(such arguments are only detailed for the FIELD rule). In the following, no details about the renaming of futures and locations
are given: one could easily prove a first step that deals with renaming:

P_T>QAP”—T>Q/AP”EP = Q' =Q

LocaL One should consider cases depending on the local rule applied:
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sToreaLLoc Consequence of Lemma 3.

FIELD

o) = [l =y;mj= g(xj,yj)aj]]'g:”m kel.n

(Rl ],0) =5 (Rl l,0)

Because of the equivalence between current terms of P and P’, one has:
ap = t,lk =F Lz.lk = dpr

. . . o,
then ¢ =f «; and (7 =f y (where ¢, is the location of field I, in P”) because : »a—qu 11 and ¢ »Klk - Thus P” =¢ Q.

invoke Straightforward: note that the two method bodies must be equivalent and the arguments too. The final equiva-
lence comes from Lemma 4.

uppATE Direct from Lemma 3 and the equivalence of the involved terms.

cLonNE Cloning of futures is forbidden by ASP semantics. Other cases are trivial. This case justifies the fact that cloning a
future is considered as a strict operation: the future update consists in a deep copy of the value whereas the clone
operator performs a shallow clone. Performing a cLone and then a repry rule creates two deep copies of the future
value. On the contrary performing a rRepLy before a cLonEe reduction creates only one deep copy with two shallow
copies of the first object of the future value.

NEWACT
yfresh activity
V¢gdom(o) o ={'—AO(y)}:0  o,=C0pYy(12,0)
a[RActive(a, m]; o5 6 Fs Ry [T P — «[R1T; 05 6 F; Ry [ vle2.mjQs 05 105 85 8 61 | P

The only interesting case is the presence of futures in the newly created activity. In this case, Lemma 7 is sufficient to
conclude. Indeed in NEWACT, o, = copy(t”, o,) could be written o, = Copy&Merge (o, " ; @, !").

REQUEST

0, ()=A0(B) " ¢ dom(op) fi"‘_)ﬂnew future ¢ dom(oy)
oy = Copy&Merge(on, V' ; ap, (") oy ={i Hfut(fia%ﬁ)} Oy
a[RLe.mj()]): 0as to: Foi Ros ol || Blag: ops s Fai Rg: fp] | P —

al R o 1o Fos Rt o1 | Blags o i F Ry v [mys ' fF 7P £ 1 P

Modulo renaming, one can choose the same name for the created future in P and Q, and the same location for the
copy of the argument. Lemma 7 can be applied to manage futures that can be present in the deep copy of the requests
parameters.

The rest of the proof is straightforward. For example, the equivalence of requests ([m;; ; fi‘Hﬁ ]=F [m]f; % l.‘Hﬁ ])isensured
because we take the same location, the same future name, and m; = m]’ because dy, =f Ggp, .

serve Informally, the equivalence between the two request lists implies that the served requests are equivalent, which is
sufficient to conclude. The fact that the equivalence definition is defined modulo a reordering of requests is essential
here; more precisely: P” =f P = VM € Mg, Ry, |M =f Rup, |- Thus the first request of Ry, |M will be equivalent modulo
future updates in both configurations. Consequently, serve will serve equivalent requests.

ENDSERVICE The equivalence between future lists is straightforward. The proof is based on the application of Lemma 7.

RepLy In this case P’ =f Q and P’ = ’. Thus Q = P’ = P” is sufficient.

Note that most of this proof has been simplified by Lemma 7. [

Corollary 5 (page 473) is a direct consequence of the property shown above. More precisely, if T = REPLY then the proof

is straightforward. Else P Iy Q can be decomposed in P RepLyy Py LN Q. The conclusion comes from the application of the

preceding property to P1; P; =f P’ because = is transitive.
Appendix B. Details on the confluence theorem proof

This appendix proves the confluence theorem of Section 5. After some notations and preliminary lemmas, we focus on a
local confluence property; finally Section B.3 generalizes local confluence and proves Theorem 1, recalled below:

P Q AP—QAQ=Q = QYQ
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Let Py be aninitial configuration. Let us consider two configurations Q and Q' obtained from the same initial one: Py — Q,

Py N Q’. Let us suppose that the two configurations are compatible: Q > Q’ that is to say their RSLs have a least upper
bound. Let 9(Q, Q') be the set of configurations obtained from Py and having requests sender lists smaller than the ones of

QorQ’:

Q(Q,Q)={R|Py >R A YaeR, RSL(ep)|y; < (RSL(arq)|y; U RSL(egy)

w}

Note that Q, Q’ € @ and also for all intermediate configuration between P and Q (P’ such that P SN P’ N Q),onehasP’ € Q.
To prove confluence, we must reduce terms Q and Q' to a common one by performing the missing reductions from Q and
Q’. The terms derived from Q and Q’ will be constrained to stay inside Q to ensure that a common term will be reached.

B.1. Lemmas
We consider configurations where all the futures and the active objects of o, og, and o’ are well defined (it is necessary

for =f to be well defined). That is to say, all stores and expressions are parts of a well-formed parallel configuration.
The following lemmas gives properties on the appending and merging of stores.

Lemma 8 (Independent stores).
01109 =07 1101
dom(oq) Ndom(oy) =¥ = { o1 +02 =02 +0q
o1+ (02::0) =03 1 (01 +0)
Lemma 9. Local reduction can be extended with an independent store:
a,0) =5 (@,0") = (4,0 : 0p) =5 (@",0" :: 0p) where (@”,0") = (@', 0")
Lemma 10 (Multiple copies). Several store copies compose as follows:
L e dom(copy (!, ")) = (copy(t, o)+ copy(t’,o’) = copy(t',copy(i, o) + "))
Additionally adding an independent store can be done either before or after merging two other stores, provided locations

created during the merge are chosen conveniently. That is due to the fact that configurations can be identified modulo
renaming of locations:

Corollary 1 (Copy and store update). If V' ¢ dom(c”’) then there is a way of choosing locations allocated by Copy&Merge(oq, ¢ ; o3, V')
such that:

o’ + Copy&Merge(oq,  ; 03, ') =f Copy&Merge(oq, t; o’ + 07, 1)

B.2. Local confluence

This section presents and proves what we call local confluence, that is a classical confluence property starting from a given
term and performing two concurrent reductions; it is necessary to establish confluence properties of Section 5. This property
is strongly based on the definition of compatibility between configurations (s<) via the use of the set Q.

Property 13 (Diamond property).
Let P be a configuration obtained from Py: Py —> P

T .,
P p bk
PE)PZ = Py =P, v HP;,Pé, II;% _—>PI/)2

1=F2

P,P,P; € 2(Q,Q) P{,P, € 2(Q,Q))
' ,

Proof. This proofis a (long) case study on the conflict (concurrency) between rules. Cases where one of the applied rules
is RepLy will not be detailed. These cases can be verified but are not useful for the proof of the Property 14. Indeed, for repLy
rule we only need to use Property 4.
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This analysis is only interesting when there is a real conflict between two rules. That is to say at least a component of one
activity can be read or modified by two rules.

Recall we can suppose that one can choose any location or future name when one needs a fresh one. The fact that activities
are chosen deterministically avoids the problem of renaming activities and ensures that the name of an activity will be the
same for two application of the same NewaAcr rule.

In the following, if the conflicting rules are different, the activities («, 8) will be indexed by the corresponding rule (e.g.
arequest 1S the activity « of the RequEsT rule: the source activity of the request). If the rules are the same, the activities will
be indexed by 1 and 2. The proof can be divided into four parts. Except for concurrent request sending part, the fact that
P}, P, € Q(Q, Q) is straightforward as the RSL of P} and P, are either the ones of P or the ones of P,.

Local vs. Parallel Reduction
Locar/LocaL. Obvious consequence of the determinism of local reduction.

LOCAL/NEWACT arocar = @ngwact iMpossible because Z[Active(i, m)] cannot be reduced locally. No conflict.
LOCAL/REQUEST arjocar = @request impossible (this would correspond to a method call which would be both local and distant).
dLocAL = ﬂREQUEST leta = ('REQUEST and B = arocaL = ,BREQUEST

LOCAL
(ag,0p) —s (ag1,081)

Blag; op; tp; Fps Rps [11Q — Blagy; op1s tps Fps R [511Q = Py

REQUEST
oo (1) = AO(B)
" ¢ dom(op) fi‘H’gnew future ¢dom(o,)  opy = Copy&Merge(oy, i ; 0, ") 042 = {if fut(fi‘H’S)} it O
a[RLe.mj()]; 0a; to: Foi Ros o1l BLags op: tps Fps Rps [511Q —>
AL RUfL: Oa2: 1 Fus Rt LI BLOss 023 15 o Rg oo [y 5 fF 7P 7511Q = Py

Let us first perform the local reduction on P,. One can suppose (up to renaming) that the locations added to o by the two
rules are disjuncts. The deep copy of the argument of the request is added in an independent store; thus og, = o :: 0. Thus
Lemma 9 allows us to perform the local reduction on the extended store:

(aﬁ,O’ﬁ) —>s (aﬂ],O'B]) = (aﬁ,d I Uﬁ) —S (0;32,0 s Uléz)

where (0%2'052) = (ag1,041) and (a/ﬁz,a i a,;z) = (ag1,0 :: op1). Finally:

Py = a[RIif); 0a2; Lo Fus Rus LM BLAgs o2s 15 Fps Rea; 11Q
— alRly): 062 o Fui Rt [IIBLajy: 04y i 031 P Rpa: [51I1Q = Py

Now we will focus on the application of the request rule to P; and consider that oy is obtained by some updates on oy
(indeed every action of a local rule on the store can be written as a store update): og1 = op + 0.

Corollary 1 is used for adding the request to the store obtained by local reduction. One can apply the request rule to P;.
Let "/él be the new store:

o4 = Copy&Merge(oq, V' ; op1,1")  =f oo + Copy&Merge (o, (' ; o, (") (4)
=F 0p + 042
and obtain a configuration equivalent to P, by Lemma 8. More precisely:

(@i 0 0py)  =F (Ap1,0 : 0p1) =F (@p1,0 =2 (00 + 0p))
=f (Ag1,00 + (0 1 0p)) =F (am,ﬂél) by(4)

LOCAL/ENDSERVICE, and LocaL/serve No conflict.

Creating an Activity
NEWACT/NEWACT, NEWACT/ENDSERVICE, and NEwWACT/SErVE No conflict.

NEWACT/REQUEST One only has to prove that (if angwact = Brequest) Creating a new activity does not interfere with receiving a
request. This is similar to the case LocAL/REQUEST.
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Request to serve
QBXE

Fig. B.1. SERVE/REQUEST.

Localized Operations (SERVE, ENDSERVICE)
SERVE/SERVE, ENDSERVICE/SERVE, and eos/ENDSERVICE No conflict

serVE/REQUEST The only conflicting case occurs when asgrve = Brequest- Informally, if one can perform a serve(M) on P then
there is a request matching the labels of M in the request queue; so adding a new request to the request queue will not
change the served one because serve takes the first request matching M. Fig. B.1 illustrates this case (we consider that this
figure is sufficiently explicit to avoid us giving the technical details of the proof), we suppose in this figure that m; € M. Note
that the fact that the first request matching a pattern is taken is essential to ensure confluence.

REQUEST/ENDSERVICE Conflict is only possible when agnpservice = Brequest = B, the principle of the proof concerning this case
is shown in Fig. B.2.

REQUEST
0a) =A0(B) " ¢dom(op) [ Pnewfuture ¢ ¢ dom(ou)
op1 = Copy&Merge(o,, ' ; op, (") =0 +o0p 041 ={if Hfut(fiaqﬁ)} Oy
o[ Re.Mi()]; 0 o Fos Rus L IBLAgs op: g Fyi R f5111Q
— @l Ry 001 1 Fut Rt LANBLA s op1: 00 s Ry o [y fF P10 /,01Q = Py

ENDSERVICE
! & dom(op)
Fg=Fg = {fg =} apa = Copy&Merge(op, t; ap, ) =o' +0p

Bl 77 @ op: s Fyi Rys fpllIP —> Blas ogo: s Fyi Ry f77P11P = Py

The conflict only concerns the store. But the merges that are performed on the store are independent (. ¢ dom(op)); and
we can suppose that these two operations create disjuncts sets of locations. Then one can perform the missing rule on each
configuration: P} and P;. A configuration with the following stores is obtained (modulo renaming, the same stores updates as
in the first two rules can be performed): aéz =r o +og,and o’ + og1 = oé] . Then, the proof relies on the following equality
(using Lemma 8):

a,éz =fro+4op=0+0' +og=0"4+0+0sg=0"+0p1 = U/él
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REQUEST \E\KSERVICE

Fig. B.2. ENDSERVICE/REQUEST.

Concurrent Request Sending: REQUEST/REQUEST
a1 = By or 1 = ap Same kind of arguments as in the case LocAL/REQUEST With arocar = Brequest-

a1 = ay No conflict.

B1 = B2 As P1,P, € Q, if By = B, then (RSL compatibility) either the two requests come from the same activity, o = ay
and there is no conflict or the two requests m; and m, cannot interfere: M Map, such that {m;,m,} < M. In that second
case, adding requests in any order leads to equivalent configurations due to the equivalence rule for pending requests. Let P;
be the configuration obtained from P; by sending the missing request from «,; and P, the configuration obtained from P,
by sending the missing request from «4. The crucial point is to show that the RSL are compatible, let m; € My and m; € M,

(M7 and M, are not unique but belong to disjoint sets):
RSL(erp;) |y, = RSL(ap))|py, = RSL(epy)|py, < RSL(etq) |y, RSL(eg) [y,

RSL(ocpi)| M, = RSL(ap,)]| M, = RSL(apé)| m, 3 RSL(erg)| yan RSL(ag))| M,

And finally, P}, P; € Q(Q,Q"), and RSLs are compatible.
The proof of P{ = P} applies the same arguments to pending requests instead of RSLs. []

B.3. Extension

This section extends the local diamond property presented before to obtain a general diamond property which will allow
us to conclude about the confluence of ASP calculus.

Lemma 11 (=f and 9(Q,Q")).
IfPisin Q and P is equivalent modulo future updates to P’ then P’ is in Q:

P=¢P' APeQQQ)APy— P =P eQ@Q.Q)
Lemma 12 (repLy vs. other reduction). Let TRERY consist in applying any reduction except the repLy rule.

—REPLY REPLY —REPLY
P — RAP——P =P — R AR =R
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Fig. B.3. The diamond property (Property 14) proof.

Then, global confluence is a consequence of local confluence. The following property is a generalized local confluence:

Property 14 (Diamond property with =g).

T T
Py =1 Q Q1 =Ry

T T,
P2:2>Q2 = Q1 =r Q2 V3IR{,Ry, Q2:1>R2
Q:1,Q2 € 2Q,Q) Ri=r Ry
Py=fP, R1,R; € 2(Q,Q)

Proof. Fig. B.3 illustrates the proof detailed in the following.
If one of the = on the left of the implication consists only in some repLy rules then one can conclude immediately by

Property 4 and Property 11. Else, both T and T; are reduction rules different from repLy and can be decomposed: there is P;

* T, . * T.
such that: P, ey, P} —L Q. Note that one could have P; = Pj.In the same way, there is P} such that: P, RERLY P, -2 Q,.

By Property 9, = is transitive and then P} =f P). By Property 4: 35,, P; é»sz A Sy =f Qy Thus there is a configuration S
such that:

* T
P, =5 SAS =5 S5 A8 = Q

Moreover, by Lemma 12:

, REPLY*
Py —=S$ {s Is,
P EINFR Si=rQ

Then, using diamond Property 13 (Lemma 11 ensures 51,5, € Q):

s s, 1 %5,
gﬁ)sz = 51 =r S V3R, Ry, Szis’z

51,5 €Q S1=rS5 A S;,S,€Q
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Finally, using Property 4:

T T,
S1—>SiAS1=FQ = Q =R AS| = Ry

Sy 15 Sy AS) =F Qo = Qy =Ry A Sy =¢ R

Note that Ry =f Ry and Ry, R, € Q are obtained trivially and finally:

R R
Q1 =1 A Q =»; O
Ri =Ry A Ri,Ry € Q

Proving confluence from Property 14 is a classical result. It only relies on the fact that all intermediate configurations

between Py and Q and between Py and Q' belong to Q.
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