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ABSTRACT. As informal methods do little to help their use for concutrand distributed pro-
gramming, one of the most challenging current tasks is ttbiobls based on formal method
in order to ease the development of such applications. xdbntext, we propose precise type
systems for concurrent object and actor oriented prograngnfenguages. This paper analyzes
the type systems that we have developed for realistic laggguand presents their benefits and
limits. First, it introduces the kernel of an actor languagsed to describe and validate the
proposed technic. Then, the errors we wish to detect ardgeiyedefined. Afterwards, the first
type system is defined and its properties are presentedllfimesights are given on a second
more powerful type system, which is the basis of our futumkwo

RESUME.Face a I'échec des méthodes informelles dans I'assistateepragrammation concur-
rente et distribuée, un des enjeux majeurs actuels corssifsternir des outils d’'aide basés sur
des méthodes formelles. Dans ce contexte, nous propossrisystémes de type précis et per-
tinents pour des langages a objets concurrents ou a act@esarticle est un premier bilan
des systémes que nous avons mis au point pour des langadjssegd expose a la fois leurs
avantages et leurs limites. Pour présenter ces systemgpeégertous introduisons le noyau d’'un
langage d’'acteurs qui sert de support pour valider les téghes proposées. Nous décrivons
ensuite, de maniére approfondie, les types d’erreurs ques souhaitons détecter. Nous défi-
nissons un premier systeme de type et présentons ses péspEfin, nous terminons sur une
bréve introduction d’'un second systéme de type plus puidsase de nos futurs travaux.
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1. Introduction

The development of the telecommunications industry andyéreralization of net-
work use bring concurrent and distributed programming th& limelight. In that
context, programming is a hard task and, generally, thdtiegwapplications contain
many morebugsthan usual centralized software. As sequential objechtetkpro-
gramming is commonly accepted ag@dway to build software, concurrent object
oriented programming seems to be well-suited for programgrdistributed systems.
Since indeterminism resulting from the unreliability oftwerks makes it difficult to
validate any distributed functionality using informal apaches, our work is focused
on applying formal type systems to improve concurrent dliyeiented programming.

To obtain widely usable tools, we have chosen to use the awidel proposed by
Hewitt in [HEW 73] and developed by Agha in [AGH 86]. This mééebased on a
network of autonomous and cooperative agents (calledg¢ctehich encapsulate data
and programs, communicating using an asynchronous poptitd protocol. An ac-
tor store each received message in a queue and when idlediglsahe first message
it can treat in this queue. Besides those conventions (waiehalso true for con-
current object), an actor can dynamically change its iaterf This property allows to
increase or decrease the set of messages an actor may lyéldiag a more accurate
programming model. This model, also known as concurremaidjvith non uniform
behavior (or interface), has been adopted by the teleconwations industry for the
development of distributed and concurrent applicationtife Open Distributed Com-
puting framework (ITU X901-X904) and the Object Descripticanguage (TINA-C
extension of OMG IDL with multiple interfaces). Due to bef@avchange, it may
happen that a message cannot be handled by its target in s@matien path (a se-
guence of behaviors the actor can assume) and could be dandieme other path.
Such messages, called orphan messages, may be of two lafety. @nes or liveness
ones. A safety orphan is a message that cannot be handédidahits target future
behaviors. A liveness orphan is a message that will not la¢debecause its recipient
will not reach one of the behaviors which can handle it. Sueksages correspond to
deadlocks and are not the goal of this paper (apart from #egirantic characteriza-
tion), we concentrate on the static detection of safety amgh

Type systems for concurrent objects and actors, with umifor non-uniform be-
haviors, have been the subject of active research in thgdass ([VAS 93], [NIE 95],
[KOB 94], [KOB 95], [PUN 96], [NAJ 97], [RAV 97], [FOU 97], [DA. 97] and their
more recent works). Two opposite approaches have beemvidloexplicit and im-
plicit typing. Explicit types may provide more precise inftation but are sometimes
very hard to write for the programmer (they might be much nmmmplex than the
program itself). We advocate the use of implicit typing, itgpe inference, as it is
simpler to use. To our knowledge little work had been donectgetbp inference sys-
tem in presence of non-uniform behaviors and our type atitres and constraint
resolution algorithm provide more precise informatiorrtiiae works reported in the
dedicated literature as will be shown later on in the follogvsections.
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In a first approach, our type systems were defined using, @n actor calculus
derived from asynchronous-calculus and Cardelli's Calculus of Primitive Objects
(see [COL 96]). Two type systems were developed: the foromd in this paper
(see [COL 97h]), is based on usual object type abstractind€atches all functional
and communication errors but only trivial safety orphahs, latter, mentioned at the
end of the paper, detects all safety orphans but requiresch more complex type
abstraction (see [COL 99a]).

In order to validate those theoretical systems practicéily need for an imple-
mentation on a programming language arose. To have a fuleasg access to the
internals of the compiler, we have chosen to develop our @amguage ML-AT,
(see [DAG 97] and [COL 98b]) integrating la ML programming with actor prim-
itives. The first type system for ML-&T was inspired by Nielson’s et al.'s works
(INIE 93], [NIE 96], [NIE 97]). It consisted in the joint syhesis of a concurrent
effect (a G\p term) and a usual ML type for each expression. Then the coaaur
effect was analyzed usingA® type systems. It appeared however that this strategy
did not allow enough precision in concurrent types to dedgahans (or at the cost of
forbidding effects in recursive functions and data streesiy Indeed, functional and
concurrent aspects are too mixed to be treated separatelyas& second approach,
we adapted @p typing system to the full ML-&T language.

This paper describes the results of this adaptation. Riietroduces the required
syntax and semantics including the precise descriptiomrof® Then, a typing sys-
tem is formally presented and discussed. Finally, a secppel $ystem, currently
being integrated in the compiler, is evocated and insightsur future work are given.

2. A simplified version of ML-Act

This section introduces ML-AT’s syntax, its illustration via an example, and its se-
mantics. As typing is our main goal, the presentation of ME7Awill be rather short.

2.1. Syntax

ML-A cTis a complete programming language, but for the sake of githplonly the
required syntax is introduced in this paper (a full impletaéon has been developed,
see [COL 98h]). It is an extension of CaML, its expressionskineir usual seman-
tics and only specific constructions to manipulate actove li@en introduced: actor’s
creation, suicide, change of behavior, sending of messageseference to ego (the
actor address) and self (the actor current behavior). Tdde@ syntax is inspired by
the Objective CaML syntax for classes and objects. M&¥Arograms are built from
the EBNF grammar in Figure 1. Rules follow usual conventidiosmake them easier
to read,non-terminalsare in italics keywords andreserved symbols are in type-
writer face. The only terminal contained in the grammar iENX (usual identifiers),
but in the rest of the paper we use all classical terminatsh(as integer, string ...) and
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some basic operators (suchigaprint_int, ...). Those data structures and operators
are represented by tl@onstnon-terminal (whose derivation is not given).

Prog::= [Exp;; | behavior Beh[and Bel{*end;;]*

Beh ::= [IDENT] "= [message [IDENT]*= Exg*

Exp ::= (EXp) | ego | self | Const| IDENT | Exp[Exd™ | Exp[;Exg* |
let [rec IDENT][IDENT]*= Expin Exp | if Expthen Expelse Exp |
send IDENT [(Exp[, Exg™*)] to Exp | new EXp | become Exp | suicide

behavior empty = let a_cell = new empty in
message init v = become (cell v) let a_scr = new screen in

and cell v = send init(1) to a_cell;
message get ¢ = send prn(v) to c send get(a_scr) to a_cell;
message set v’ = become (cell v?) send set(2) to a_cell;

and screen = send get(a_scr) to a_cell;;
message prn v = print_int v

end;;

Figure 1. ML-A cT grammar and a linear cell example

The expressions derived directly frdPnog are called top-level expressions. They are
the only expressions which are not part of an actor behattierefore, they cannot
refer toego or self.

The actor approachis a kind of generalization of concuwbjgcts without inheri-
tance. We preferred this model because it allows to type @ctgrams, concurrent
short lifetime object programs (only containiegicide) as well as usual objects
(with uniform behavior, i.e. containing rgecome oOr suicide).

In order to illustrate this grammar, let us examine a smalheple before studying
ML-A cT semantics. The cell (Fig 1) consists in the definition of ¢hispehaviors:

— empty, Which waits for aninit message to start stocking a value.

— cell, which can send its value to a continuatiowhen receiving get mes-
sage, and which can be restarted with a new value withtamessage.

— screen, Which outputs the value it gets fronpaint message (we assume that
print_int is predefined).

Then, two actors are created using tear operator: one for the cell with initial be-
haviorempty and one for the screen with initial behavietreen. And finally four
messages are sent to the cell actor.

ML-A cT semantics has not been formally exposed yet, but the execotithis
program consists intuitively in creating two processes asyhchronously sending
four messages to them. The set of behaviors assumed by aagit@ncan be repre-
sented by a regular automaton whose nodes are behaviarsitivas are tagged by
accepted messages and the initial state is the actor ibila&vior. The following
automaton describes all possible behaviors_afe11.
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As emission order may not be preserved by the medium, mamyiggas are possible
depending on the order in which thecell actor receiveget andset messages.
Indeed, theinit is always treated first because it is the unique transitianithg the
initial state. All executions of the system consist in grigton the screen then2, 2
then2 or 1 then1.

2.2. Semantics

ML-A cT has a reduction semantic, but before giving its formal dedinj we need to
introduce some machinery.

2.2.1. Conventions
First, let's introduce some necessary sets which we assubedisjoint:

—M andV, respectively set of message labels and set of variableseTtwo sets
are constructed by collecting identifiers from the souratecor, m; ... range oveM
andz, y... range oveV.

— A, set of actor addresses. Each execution péwinstruction generates a new
address. This strategy guarantees the unicity of actoraesan a configurationa,
a'... range ovel. In a first phase, we tag allew instructions in a program with a
fresh namerew,). This process also produces a mappjnassociating a name to a
type. The typey(a) (detailed in 4.2) is used for every actor createchby,,.

—T, set of interfaces, made of all possible behavior intedaxfea program. An
interfaceR is a partial mapping fromyl to V" xExp, binding a message label to the
reaction of the actor (a ML-BT expression) with its arguments. The domain of an
interface is therefore the set of messages it can handle.

—V, set of semantic values, consists in all possible resulexpfessions. A se-
mantic value is either an address (frd)) a constant (data froi@ons), an interface
(from I), a message (frovl x V™), a behavior closure (frorfW™ x I), a functional
closure (fromV™ xExp) or an error €rr, saf, Liv). The closures are functions taking
arguments and resulting in either an expression or an adgerfTheir set i€ and they
are denotedz; X). v, v1... range ovew.

We assume that an initial parsing of the program constriidtssse sets. Moreover, to
simplify the description of semantic rules, we build a gliddravzironment (denote#)

which contains behavior definitions and verify that thoskawéor closures are well-
formed (i.e. reaction to a given label is unique). This adlley phase may contain
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some renaming to prevent behavior name clashes. The cefipagresented in
Figure 1, gives:

(M ={init, get, set, prn}

A% ={empty, cell, screen,v,v?,c,print_int,a_cell, a_scr}
Ri={init > (v; become(cell v))}

{ Ro={get > (c; send prn(v) to c);set— (v’;become(cell v’))}
Ra={prn+> (v; print_int v)}

I ={Ri;R2;R3}

(€ ={empty+—>R1;cell (v; R2);screen> R3}

Finally, the code contains only top-level expressions &eMaluation consists in their
parallel evaluation (because there is no dependency betilvem). The evaluation of
ML-A cT expressions is modeled by two different reductions: thetional reduction
(the usual application of functions which occurs in indegeart concurrent processes)
and the communication reduction (the exchange of messag@gsén processes).

Functional reduction uses the usual notion of evaluatiorieod to model the fact
that an actor instruction executed inside a functional esgion (the context of the
instruction) may produce an effect on the communicationiomadfor example, it
may create a new actor). Such an evaluation context comsiatsexpression with a
uniquehole CJ], it is built by the grammar in Figure 2. The hole indicates vehibhe
evaluation process acts. When we fill in this hdlg€]), e corresponds to the expres-
sion being currently calculated. Priority and associgtigre the same as in the ML
language. The evaluation order is constrained by the cotudseleftmost/outermost
i.e. the usuatall by value In particular, the message arguments are evaluated in left
most order (the corresponding rule will not be given). Tipisdfic order was chosen
because it is usual among the ML family of languages.

C:=[] | C;Exp | if Cthen Expelse Exp | CExp | vC | sendm(F) to Exp |
send m(vy ,...,v,) to C | become C | new C | let [rec z] z1..xn, = Cin EXp
F:=[] | F,Exp| v,F

Figure 2. Context grammar

The communication medium (a group of actors being conctlyrerecuted and mes-
sages on their way to their destination) is modeled by thé@naif configuration.
As configurations express the concurrent parts of the remuof a program, their
definition is inspired by asynchronowscalculus (more precisely, by the Calculus of
Primitive Actors used for the initial definition of our typgstems [COL 96]). Confi-
gurations could have been encoded using pucalculus. In this case, actor addresses
and message labels would both be encoded using channel.nBneeype system for
the resulting terms would therefore be unable to distirtgais address type from a
message type which is necessary for our kind of analyzessathaf configurations is
built from the grammar of Figure 3. The two last configuratiame called functional
configurations. It is their reduction that uses evaluationtext notion to simulate
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functional execution. In the actor reaction configuratibwe, subscript gives the actor
address (itego) and its interface (itself). Furthermore, in the rest of the paper,
configurations are used modulo the congrueadgsee Fig 3) which expresses their
properties:

— The parallel operator is commutative, associativeeisdts neutral element.
— Any error occurring is propagated and causes the end ofigzec

W= € do nothingconfiguration
| Er execution error
| wlw parallel execution
| a<m(?) messagen with arguments/ in transit towards
| abR actora waiting for avalid message
| [elasr reaction ofa to a received message, executing the expregsion
| el execution of a top-level expressien
wlle=w w||Er = Err (w1 ||ws) [|ws = wr || (w2 ||ws)
wsy || wy = wy || we wy = we if wy is a-convertible inws

Figure 3. Configuration grammar and congruence on configurations

The result of the application of these translations to thleesample is the configura-
tion: [let a_cell = new, empty in...] thatwill be reduced using the rules givenin
next subsection.

2.2.2. Reduction rules

Reduction rules given in Figures 4 and 5 are separated imtdamilies. The first one
concerns concurrent operations on configurations (i.e.noomications and behavior
change) and the second one is composed of rules &boctionalconfigurations. In
some rules, a functional configuration appear with a “_" sdps meaning that it
may be a top-level execution or an execution occurring incoraThis notation will
be used when information about curretor is not required in order to execute a
reduction step.

The (r) rule specifies that disjoint sub-configurations can be eedwoncur-
rently. References tego, resp.self, can only appear in an actor reaction resulting in
his own address6o), resp. behaviorsir), otherwise an error is raisedspe, SeLre).
When an actor receive a message, the corresponding reauisirhave the same arity
or it leads to an error (seeaE). If this is true, gea) starts functional computations.
Notice that, if the message label is not in the interface dopre error occurs and
the configuration is unchanged. Therefore, an actor watiitireceives a message
that it can handle, and a message stays in the communicaéidium until its target
assumes a behavior that can handle it. Such messages mgyhaaoif their target
never assumes such a behavior, their formal definition tedta section 3. To send
a message, the recipient must be vatidi€) and it add a new term (the message) to



8 L'objet. Volume 6 - 11 1/2000

w1 — W2
PARR—
w|| w1 = wl||we

R(m) = (Te) ¢=[v/7]

" avR ||a <m(®) = [$(e)]asr

RE

S

" [Clsel£]lasr — [C[R]Jasr

R(m)=(Z;e) lg(Z)#1g(?)
abR || a 4m(T) —>Er
€ {ego, self}
. |[C[x]]] — Err

REAE:

REFE

“[Clegollusr — [Clallasz

weA
" [C[send m(¥) to w]] —Err

SEi

SE

" [Clsend m(®) to a]] — [C[O]]_|la <m(?)

b fresh v« v:{b— v(a)} vl
" [Clnew, RII—[CP][|t>R " [Clneva o]] — &
SUIE: BECEL: BECE2: Y ¢H
[Clsuicide]] —Err [Clbecome e]] —Err [C[become v]] —Err

BEC:

> [Clsuicide]]asr — € o [v]asr = abR [Clbecome Ri]Jasr = abR1

Figure 4. Semantic rules, concurrent aspects

the current configuratiorséno). The next two rules concern actor creations, the given
expression must evaluate to a behaviarr). In this case Act), we create a new
name for the actor, and associate it with the type ofdée,’s tag in+y. This name

is used as the result of thew expression and the newly created actor is added to the
configuration.

The following three ruless(ig, Bece1 andsece2) describe errors in behavior change
(illegal reference to current actor or changing to somethwvhich is not a behavior).
Functional evaluation may end in three ways: a suicidg,(a behavior changec)
or the end of computatiorefo). In the first alternative, the current actor dies, in the
second, it assumes its new behavior stopping the currerulatibn. Finally, the end
of functional computation consists in keeping the same Wehéor the current actor.

Notice that we do not exactly follow the actor’s traditionsudlly, the code fol-
lowing a behavior change is computed by an anonymous aabdibs just after this
execution (our choice was made to have similar semanticalifoehavior change—
suicide, change and implicit recursion). There is also laerodifference: by default,
one of our actors keeps its behavior at the end of its rea¢tisdoes a concurrent
object), while generally in other models, it dies. Theseiob®have no consequence
on the typing of our system also applies to the usual actoretdd this hypothesis,
suicide would become useless and recursion would be explicit.

The use of context to present (relatively) simple reductidas arise in the rules
senp, Act, su andBec because they modify the communication medium from deep
inside a functional context (by adding, erasing or modifytime current configuration).
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v ¢ {true, false}

IFE: IFT:

[C[if v then e1 else e2]] —Err [C[if true then e; else e2]] —[Cle1]].
= [Clvsel]l = [Clell. - [C[if false then e; else ez]] —[Clez2]]_
I  m=ly®) <l@ ¢=7/3]

[Cl(Z; e) 711 — [Cle(e)]] [Cl(Z; e) 7] = [CU@m+1, o n; dleD]]
e vegC . ¢ = [(Z;let rec f F=e; ine1)/f]
[Clv e]]_ —Err "[Cl1et rec f #= e1 in e2]] = [Cldp(e2)]].

_ 6 = (@ en)/ 1]
[Cllet x = v in e]] = [C[[v/z]e]]_ "[Cliet f &= e1 in e2]] = [Clp(e2)]].

LETV:

Figure 5. Semantic rules, functional aspects

Finally Figure 5 describes usual functional evaluatiédife( ML semantics).

Some reduction steps from a possible reduction of our basimple (Fig 1) illus-
trate this semantics. It uses relatiert that stands for multiple reduction steps:

[let a_cell = new, empty in..]—
[let a_cell = new, R in..]—
a1>Ry || [let a_cell = a; in..J—>*
a1bR1 || [[a1/a_cell]let a_scr = new, R3 in..]—*
a1>Ry || b1>Rs3 || [[b1/a_scr]send init(1) to a1 ;..]J—
a1>bR1 || a1 <init (1) || A

*

3. Orphan messages

Several kinds of errors may occur in MLeA programs. The previous reduction has
described ill-formed expression errors (applying a valb&tvis not a function, send-
ing a value which is not a message ...), and a first kindasfcurrenterrors related
to communication: arity mismatch between a message anargettbehavior. These
errors, denotedr, correspond to the usual ones in concurrent calculi (seé pM],
[BOU 97] and [FOU 96]), in concurrent objects ([VAS 93]) oraators ([KOB 94]).
The second kind of concurrent errors is related to the alessehcommunications:
orphan messages. Such messages will not be treated byahgit and will stay
indefinitively in the communication medium. In the contekbbjects, orphan mes-
sages correspond to the usoassage not understoedror. In the context of actors,
the matter gets complicated by the possible behavior clsarg@message, which can-
not be taken into account by the current behavior of its targay be handled by one
of its future behaviors. Several strategies have been pegbio the literature:

— either this situation is considered as an error, althobhghntessage could be
handled in the future (see [AGH 86] and [VAS 93]),
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— or the message stays in the medium until it can be handlediiyi@ behavior,
as proposed by the previous semantic relation (see also [g4)Bnd [BOU 97]).

We advocate that the first approach is too restrictive bec#usequires excessive
explicit synchronization in the program (for example, youstnverify that a device
has been initialized before sending input/output requésttsead of sending requests
which are postponed by the system until the device is really®. second usual pro-
posal is too permissive, since it leaves the message in timencmication medium
without signaling an error. Even if this message can nevéramelled because either
the target is deadlocked, or the effective sequence of lietsetaken by the target will
not include a behavior which can accept this message.

One of the novelties of this work is a compromise between hpgiroaches: we
advocate that a system should be as permissive as posséasdche programmers’
work, but that a static type system should reject any incbeograms (users need
not check that devices have been initialized before senaiqgests, however errors
will be signaled if requests are sent to devices that willanéye initialized). In our
previous work, we only gave an intuitive and partial chaggzation of orphans. The
following part will provide a formal account of orphans ugian extension of the
previous semantics.

This extension will be defined in two steps: first, we will giestatic characte-
rization of orphans at the end of a finite computation, ana thve will extend this
characterization during reductions (including infiniteegh

3.1. Static orphan detection

In order to characterize orphans, we will first consider riging messages at the end
of the evaluation of a program. The end of a computation isatharized by using
silent configuration. A configuration is silent when no moeeuction rules, either
concurrent or functional, can be applied to it. Notice thatgruence rules can be
still applied to silent configurations but are not considess reductions. The silent
configuration set is built from the following grammar:

s=e | Er | s||s | a<m(?) | abR

Silent configurations represent the result of the companiaif an ML-ACT program.
The following well-formedness condition ensures that naencommunication can
take place, which means that all remaining sent messagestche handled and are
therefore orphansi(« m(d) € s Aa>R € s = m ¢ dom(R)). Their occurrence can
thus be considered as a semantic error which will be written The following rule
applicable on silent configurations should be added to thesécs:

SORPHE: .
a<4m(?v) || s— Orph

Notice thata>R may appear i but, ass is well-formed,m ¢ dom(R).
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The well-formedness condition relies only on the actorentrbehavior, whereas
it is possible that future behaviors may be able to handl€eThis remark introduces
two kind of orphan messages:

— Safety orphan: None of the future behaviors can handle this message.

— Liveness orphan: At least one of the future behaviors can handlebut as the
configuration is silent, no reduction will take place anderdfore, the actor will not
assume any of its future behaviors.

A special kind of safety orphans can be detected easily, agesswhich will never
be understood by any of the possible behaviors of an actas. Kitnd of message are
calledtrivial safety orphans.

Orphan messages can be characterized using the notiomohaetsage potential.

3.2. Actor message potential

An actor message potential is an upper approximation of ¢heecmessages that
can be handled by a given actor, i.e. the messages that candéet by its current
behavior and by its potential future behaviors. When anrasttanges its behavior, it
may assume a new behavior which has been sent to it by anatoeras a message
parameter. In a closed computing environment, the polecdia be computed by
taking into account all behavior-carrying messages setit@actor (this is done in
the following type systems). In an open computing environiythe potential cannot
be computed and all message labels will therefore be in tkengal (it is called an

open potentiaand its value iV).

Figure 6 defines the notion of actor message potenfais applied to an actor
and a configuration. It callB,. which approximates a reacti@ using a sef to store
already abstracted behavior (a kind of occur check). Binak define two operators
V andE, respectively computing the value set and the effect seh @xpressioni
is used instead oV andE when the definition of both operators are equals). The
value set contains the message labels that the expresgi@nstands (the result of
such an expression will be a reaction). The effect set coagaie possible changes
of behavior the expression contains. The-ome instruction connects the two sets.
An actor’s potential must be re-evaluated each time the abtanges its behavior.

Using this notion of potential, orphans in a silent configimracan now be defined
more precisely:

— Safety orphan: An orphan message is a safety orphan, denetedf and only
if it is not in its target message potentialstre).

— Liveness orphan: An orphan message is a liveness orphan, denoted and
only if it is in its target potential §LivE).
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P(a,e) = P(a,[e]) = P(a,z am(¥)) = 0 P(a, w1 [|wz) =P(a,w1)UP(a, w2)

Pla,[e]er)=P(a,zbR)= {g;&ég&&,g ifr=a

Pr(Z,R) =dom(R)U U {E(Z, [M/][0/egole)|R(m) = (Z;e)}

méedom(R)
B(Z,z)=B(Z, £(x)) B(Z,1et z = e1 in e2))=B(Z, [B(Z, e1)/x]e2)
B(Z, suicide)=0 B(Z,1et £ = e; in e2) =B(Z, [(Z;e1)/x]e2)

B(Z,1let rec z T = e; in e2) =B(Z, [(F; let Tec x T= e; in e1)/z]es)
V(Z,send e1 to e2)=V(Z,new e) =V (Z,become ¢) =V(Z, m(€)) =0

(
V(Z,v)= {v if UG(‘E.U{M} V(T,e &)= {V(I, [V(I_, &)/®)e’) if V(Z,e)=(T;¢)
( otherwise M otherwise
V(Z,e1s...;e0)=V(Z,en) V(Z,if e1 then es else e3)=V(Z,e2) UV(Z,e3)
E(Z,v)= {(ZJ olttht)erwll\ge V(T R)= {?)lf(?RE}IU Z,R) otherwise
E(Z,nevw e)=E(Z,e) E(Z,send e; to e2) =E(Z, e1)UE(Z, e2)
E(Z, m(é’)) E(Z,¢é) E(Z,become e) =E(Z,e)UV(Z,e)
E( ) E(I, if e; then es else 63) =E(I, el)UE(I, 62)UE(I, 63)
(

E(Z,eé)= E(Z e)UE(Z,8) E(Z,e1;...;en)=E(Z,e1)U---UE(Z,en)

Figure 6. Computation of an actor message potential

Therefore, a safety orphan will not ever be taken into actwynits target and a
liveness one could be treated but will never be, becausargstis deadlocked and no
other actor can unlock it.

m ¢ P(a,s) _m¢e P(a,s)

SSAFE: e —————
a <m(7D) || s—saf a<m(D) || s —>Liv

Notice that if an actor potential is open, all orphan messagt to this actor are
liveness orphans because the computation must progresganto provide the actor
with new behaviors, which may be able to handle the orphanthi$ open world, a
new message may reach later the medium and trigger someibebaanges which
will promote a liveness orphan to the status of safety orphan

3.3. Dynamic orphan detection

As usual in concurrent programming, an MLeAprogram must not necessarily reach
a silent state (reactive programs). However, liveness afatysorphans can still occur
even if computation progresses indefinitively. Therefosy semantic rules must be
introduced in order to detect orphans occurring dynamjahlling a computation.
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m ¢ P(a,w) m€Pas) a¢FN(w)

aam(@) |wosat  a<m(®) | s || w— Ly

DSAFE:

3.4. Related work

Sangiorgi defined in [SAN 97] the notion ahiform receptivenessnd an associated
type system which detects orphans in the context-oflculi. The main technical

difference with our work is that we introduce the notion ofssage in order to distin-

guish the data communicated over a channel. The applicafida approach in our

context seems to allow the detection of all safety and ligsr@phans at the cost of
rejecting some correct programs. However, to our knowledgequires that actors

have an infinite life-time and that they always accept theessgt of messages, which
are precisely the two requirements that we wish to rejecheg tonstrain actors to
behave as usual objects and reject the non-uniform belsavior

Ravara introduced in [RAV 97] the notion of persistent badesewhich corre-
spond to our orphan messages (both safety and livenesseudowo our knowledge,
his semantics does not explicitely compute errors as weqsexpin this part.

The purpose of the following type systems is to detect MEtAexpressions that
may reduce t@&r or sat. The first one detects all common errogs Y and the trivial
safety orphan messagesf( and therefore accepts many incorrect programs reducing
tosaforLiv. The second one detects all safety orphagfsdt the cost of rejecting some
correct programs and still accepting the programs produaianess orphansi¢). A
third system being currently investigated tackles the |enolof liveness orphansi()
providing a necessary condition for the progression of agtejons in a ML-ACT
program, which therefore, still accepts some programsymiog liveness orphans.

4. Checking for communication errors ()
4.1. Types

Types used to verify ML-AT programs are built from the grammar of Figure 7.

In order to make types and typing rules easier to write, arredl list of types (a
sequence), denoted, is used. Sequences can be empty, and all useful operators
between types are extended to sequences of types. To ointailesrules, we assume
that {# : t} is empty if & is empty, and that — ¢’ is ¢/, if ¢ is empty. ¢ denotes
usual constant type such asit, bool... Finally, to ease the reading of constraints
we use two denotations for interface variablgsiyhether they are input variables,i.e.
messages sent to an actg) or capacity variables, i.e. messages accepted by an actor

x)-

Let's look more closely at name type and behavior type. Ircdse of name type,
the interface abstracts tietof messages sent to the name (the input interfgcé&or
behavior type, the first interface (capacity) correspoadise reactiorsetof its current
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T:=t type variable

| ¢ constant type t1 >t Tt — 1t St Ct At Tt

| T—>T function type Q1 C Qehy & aho Chy

| @I name type (X1, %1)> E (X2, 9P2)> < x1 G x2 Ah1 Cepo

| @,D> behaviortype  (m;(£))7 C, (mi (£,))* N> JCK AVIET L H
I: I= 3 interface variable (mj(t;))j“g(mk(t_’,;))’“e" S JCKAVIES t?gf;

1
(m; (T;))'€” interface value

Figure 7. Types and subtyping

and all its possible future behaviors. The second intenfarecontains all messages
that could be sent to itsgo. Therefore a behavior type will be denotéegd v)>. For
example, the behavidrhas type((m(Q(r)) p), (m(¢)))>, which means that an actor
a with behaviorb can treatp messages ana{c) messages where must know how
to cope withr messages, and itgjo receivesn(d) messages (wheke has the type
t). Notice that if we type non-closed programs (such as m&juheose two kinds of
types may be partial. Indeed, our types abstracetitee life cycle of an actor.

When typing concurrent objects and actors, a natural sirigymtion arises. In-
deed, an actag; can always be replaced by another aneif a, can receive at least
the messages sentdg. This subtyping notion is denoteédC ¢», which means that a
value of typet; is able to replace a value of type This inclusion relation on types
is defined in Figure 7. The first inclusion shows the usualrewatiant behavior of
arguments in function types. The inclusion on names beleése subtyping notion
using interface inclusiordj. But, the inclusion on behaviors is more complex, since it
uses the flattening inclusio@{— issued from the flattening operatot that we have
defined with Colaco in [COL 97b]). The flattening operatooais to merge all the
behaviors of an actor in a safe way. It producéa&view of an actor, composed of all
reactions from all its possible behaviors, combining &l tonstraints on the reaction
arguments.

4.2. Type system

The type inference system proceeds in two steps. Firstréegahe source code to
collect all type inclusion constraints and, then, solvesrilto give types to allements
(actors, behaviors, functions, ...). This section is omgaerned with the collecting
phase and the resolution techniques will not be discusd#dsiarticle (see [COL 99b]
for their description). The global constraint set is madeliait in typing rules and
all inclusions added to it are presented on the right siddefrtiles. Moreover, we
suppose that all unbound type variables are fresh.

Following Aiken and Fahndrich in [FAH 97], the resolutionxas inclusion con-
straint resolution and unification. Indeed, we only neetdtgcision for concurrent
parts of programs and therefore functional parts use utiditén the usuah la ML
way. The type system could only use inclusion constrainfwéauce types, but at a
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much higher calculation cost. Our tradeoff allows to keeggsomable calculation time
and enough precision to detect communication errors ana safety orphans (the
typing cost for a pure functional program is similar to theaman ML compiler).

Ereett EFp Vi E+{@E+{ab P Yy by i tr; E+{@ D (—

Expr————————— EH:
Eke;;p ° EF behavior z, Zp' = by ...and &, TP" —bn,,p(tp_)tr ]
Vi E4{ego: @i, self: (x,Y)>}+{F :#7 }Fe ej :tr; [ tr= umt]
, REA:
EOF'g|_ 0 £ty message my T =e; ... {m; ( t]))]€1 TGy x
message my £ =en : (X, Y)>
Ele et cor Erce:t EFc et (“:@( (f))]
e, (@t EFe C:Typeof(C) gL cend m(@ to ezumit \' =
Ebeeit £k ST (T Ebeerits Ebe esity EFe ety | L1=000
APP.— : toCt
f,'l—eee:tr tEtp—H"r €k if e; then e else e3:t taCt
s
Vi Elee;:t; EH{Z:T frtfbre et E+{f Tt et (.
SEQ: ] J J LETREC { f f} - {f 7 }, (t—)tgtf]
Eleer;...5enitn Eheletrec fZ¥=ecine it
z € dom(€) ego € dom(€) 5+{x ftre et E4{f:t—t}rc et
D: Suti:
I Ete z:E(x) £F. suicide:unit Etbclet fZ¥=eine :t
Etree:t =(Xa, Etree:t
= (tCé(sers) o (=X V) Ele € [tE(X“’%)”]
EF¢ become e:unit Eke new, e: @y, (Xas%a)

Figure 8. Typing rules

Typing a program consists in typing all the expressions agithbior declarations,
in sequenceeor), (Exr). The behavior declaration ruleds) specifies that we add
all behavior names and arguments to the environment befpieg each mutually
recursive behavior. The generated constraints are ushglmng relations between
the computed types and the corresponding type variabla® tlie environment). The
message body; is typed in an environment wheego, self and all the arguments
have been added, and is constrained to have thasyfie The type variable generated
for the interface of the current behavior must contaimallmessages.

Functional typing is classic. Subtyping is used becausetiomal expressions can
manipulate concurrent entities and therefore impose caingt on them. Whether to
use inclusion constraints or unifications is decided dutfirggresolution process.

Sending a message tois collected in the type ofi. Whensuicide, ego or
become arise, the presence ego in the typing environment is used to check whether
we are in an actor or in a top-level expression (which leadsiterror). This strategy
is possible because the only rule definigp is the behavior body typing rulego
cannot be defined by Bet!). Changing behaviorsgc) requires that the given beha-
vior is a subtype okelf type. Thus, we collect the new behavior interface and the
messages potentially sent to égo.
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For the creation of actora¢r), we use an environmentconstructed during the
tagging phase of theew instructions (see section 2.2.1). Eagtw, causes the intro-
duction of{a : (x4, %)} in v wherey, andy, are fresh variables representing the
inputs and the capacity af A new, evaluates to a fresh name (with y(a1) = v(a))
and thereforaew, also has the typ@t,. We also check the validity of this behavior
by the constrainte (x4, %,). This constraint is used to compare inputs and capacity
on an actor address and is defined byy, ) < ¢ C x. A o-constraint collects
the contributions of the arguments of messages (such as eleaviors) by enforcing
subtyping on their types. It is also used to detect triviphan messages.

The resulting type system is sound, that is to say it detdichdla A CT programs
which could be reduced tar. As a side effect, it also detects all trivial safety orphans

4.3. Proof of soundness

As the complete proof is quite long with many trivial caseg will only state the
lemma and theorems and present some key cases of the deationstr

First, we need to extend ML-&T typing rules to take into account configurations
and semantic values (Fig. 9). And then we state four lemm@sined for the two
soundness theorems.

Fwwiip by waip ’Y(a):(Xaa"ba) R:t
PAR: ! : 2 AcT: . [tE(Xa7¢a)>]
Fo wr || w2:p FoabR:p
{}Fe e:unit {}Fce:t (@) =(Xa,ta) T: 1T
Expzi‘ EXPAii‘ MEss — . [(m(ﬂ) gwa]
Fo [e]:p Fo [elasr:p Fowa<m(v):p
. {»'E i}l_e e:t . _’Y(a):(Xaa'l/}a)
(Te) i Tt " a:Qya

Figure 9. Typing rules, configurations and semantic values
Lemma 1 (Sub-expression typing)If £+, Cle]:t then3&', '+, e:t'.

Lemma 2 (Context typlng) If &1 |_e C[e] 111, & }_e e:ty, & }_e e t3 andt3 Cts
then&; . Cle']:t4 andtys Cty.

Lemma 3 (Substitution typing) If E+{z : t,} Fe e:t, EF. € : ¢/, ¢ Ct, and
¢ = [¢'/z] thenEt, ¢(e):ty andty Ct.

Lemma 4 (Congruence typing) If -, w:p andw = w' thenk,, w': p.
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The proof of the two first lemmas is made by induction on thet@dnstructure.
The third lemma is prooved by induction on the expressioacttire using usual
substitution rules. And finally, the demonstration of thertb lemma is detailed
in [COL 97a].

Theorem 1 (Subject Reduction)If ,, w: p andw —w' thenk,, w’: p.

The proof of this theorem is made by induction on the confiomastructure match-
able by semantic rules. Let's give some key points:
R(m) = (Z;€)
"avR || a am(@) = [[7/T]e]asr
Let’s suppose that we have the following deduction:

o ————— | 3 7 to
ncr: Rl—w(;(:’lbl)bp[ ] [2] " he av<1 m?ﬁ) i [ 1]

- Message treatment: &

PAR:

FuwabR || a<am(d):p
with the valid constraints:

(1) (m(f0)) S (3) (m;(T}))€7 C,x andFjo € J,my o =m
(2) OGYIPE(Xa,Ya)> (4)  ©(Xara) because € v

From (2+3), we can dedudg;(T;))7€’ C, x,, which meansy, = (mk(f;g))keK

with J C K andVj € J, T/ CT; (def. ofC)).

As well, from (1) we deduce that, = @(m(tq—}') ce) andto Cto' (def. ofQ).

Finally, asa is a name, the constraint (4) provides the link between foemd real

parameters of the message tv' gT}O. This leads by transitivity téo C T;O.

Moreover, the behavidR is well typed so{ : t;, } . e:unit. And by applying the

lemma 3:{} . [¢/Z]e:t with t Cunit, we finally conclude that,, [[7/Z]e]asr : -
bfresh v+ v:{br v(a)}

" [Clnew, Ra]] =b>Ry [ [CB]]

Supposing thaC[new, R4] has the type in an empty environment and applying

e e (= (ALY El)

As the namé andnew, R; have the same type, we can apply the lemma 2. Which

leads to{} . C[b] : ¢’ with ¢’ C ¢ and back to configuration tb,, [C[b]] : .

Furthermore, from constraint (1), we can deduce thath>R, : p. And finally, the

whole result is well typed as the parallel configuration ifl ty@ed and the restriction
too.

— Actor creation:

lemma 1, we getixcr

— Message sending: sewo:

[C[send m(?) to a]] = [C[O]]_| a am(?)
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Using the same idea as the previous case, we Rgve; C[send m(¥) to a]:¢ and
v(a)=(Xa,%a) T: t
@y, C@(m(t)) (1
&t send m(7) to a:um’t[ Ya EOm() ( )]
As &t () :unit andunit Cunit, applying lemma 2, we gdt . C[()]:¢' with ¢' C¢,
showing that-,, [C[()]]_: ». And constraint (1) allows us to write,, a <m(7): p,
prooving the necessary parallel composition.

lemma 1 giveSisew

Applying the previous theorem, a well typed program is eatdd to a well typed
program and asr is not well typed, no programs can lead to an error.

Theorem 2 (Soundness)The evaluation of a well typeML-ACT program cannot
produce thesrr semantic value.

4.4. Examples

The typing of the cell example (Fig. 1) produces the follogiiypes. The-constraints
are then checked to ensure that there are no trivial safptyams.

t. CQ(prn(int))

(init(int) get(t.) set(int)) Cp Xme

(init(int) set(int) get(Qms)) Cme

o(Xme: Yme)
<Prn(int)) - Xms
—a_scr: Qi With ¢ {pro(int)) Cms

O(Xms; wms)

—a_cell: Qi,,. with

4.5. Related work

The type system proposed in this section is mainly deriveahfusual type systems for
sequential objects. Its main novelties are the use of sidiyipstead of kind-based
unification and the definition of the flattening operatignintroduced to combine all
the possible behaviors of an actor in a subtype-safe way. pgaposal can be re-
lated to the work of Vasconcelos and Tokoro ([VAS 93]) for corrent objects and of
Kobayashi and Yonezawa for actors ([KOB 94]). These two appies use the same
type structure and constraints (equalities resolved bygukind-based unification).
We use the same type abstraction, but we use subtyping arabisstraint resolu-
tion instead of kind based unification. Our subtype-basquiageh is strictly more
expressive as will be shown by the concurrent objects’ examgFigure 10.

Kind-based unification allows the extension of interfad@gt it requires that the
message parameters have the same types in all definitiongieémareaction (in all
the behaviors of an actor). Furthermore, all sendings ofi sumessage must also
have the same type. In this example, the messaget is sent twice to the same
actor. The first time, its parameter has typep, mess] and the second time, it has
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behavior bl = message quest(c) = send reply to c
and b2 = message reply = ()

message mess = ()
and b3 = message reply = ()

end;;

let a = new bl in
let b = new b2 in
let ¢ = new b3 in

send quest(b) to a; send quest(c) to a;;

Figure 10. Subtyping versus Kinds

type [rep]. Therefore, both Vasconcelos’ and Kobayashi's type systesject this
example as ill-typed.

Subtype-based constraints also allow the extension offates, but their use is
less restrictive on the message parameter types. The exdsplell-typed using
our system. This advocates that kind-based unificationtipowerful enough in the
context of concurrent objects and actors. Thus subtypinglgtbe used instead.

To our knowledge, subtype-based constraints had only bseah in the more re-
strictive context of objects. The novel part of our work ig fhattening relatioru’,
which combines the types of an actor’s various behaviorsypa safe way.

This first type system was initially defined in [COL 97b] foetiCalculus of Pri-
mitive Actors, a process calculus merging asynchronegsliculus and Cardelli's
Calculus of Primitive Objects. In order to apply it to MLeA, it was initially ex-
tended without much rewriting tAaCAP (CAP merged with application and abstrac-
tion) in [COL 99b]. In this context, the interleaving betwrethe concurrent and the
functional world is very finely grained. In ML-@r, this interleaving is much coarser,
thus the application of the type system required a majoritiegrand, in particular, a
new soundness proof more technical and complicate.

5. Toward the detection of safety orphansdaf)

The previous type system has been implemented in the Mi-@ompiler. It detects
the major part of common errors, however it is still too cedfiar the detection of
sophisticated orphans. Indeed, it only catch trivial safephans. To improve the
detection, a second type abstraction for the CAP calculgsbean developed (see
[COL 99a]) and is currently being integrated in the compiléris type system will not
be described precisely but will be introduced with an infatand intuitive description
of the type abstraction.
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5.1. Type abstraction

An actor’s execution path is a branch in its possible behaviegular tree. Therefore
a safe abstraction of the program consists in the inteseofithe abstractions of ev-
ery branches. Each branch is abstracted as in the previstesisythe only difference
is that we take into account the number of times a messageecardied when flat-
tening all behaviors. In fact, we use multi-operators wtaoh an extension of usual
operators to multi-set. An interface is slightly changeddolgling a multiplicity to
each message labéh{;* (£;))*€T). Multiplicity is an integer ow in the case it is un-
known or infinite. When interfaces are used for capacitieliects an upper bound
of the quantity of messages that may be sent to a given tavijeén interfaces are
used to describe inputsjultiplicity represents a lower bound of the number of mes-
sages (with this label) that can be handled by the behaviogive a better insight of
this approximation, let us consider a sequence of behaa®esfinite state determin-
istic automaton. In this automaton, the initial state isadb®or’s initial behavior and
transitions are tagged by accepted messages without toaimgters (a kind of trace
semantics). For example, an actor and its associated gragiiven in Figure 11.

behavior bl = message ml = become b2

message m2 = become b4 mL m2
and b2 = message ml = become b3

message m3 = () m1
and b3 = message m4 = () ¢ ¢
and b4 = message ml = ()
end; ;

let a = new bl;; m

Figure 11. An example

Our aim is to abstract this input by the multi-set of tramsi that are common to all
paths in the automaton, including infinite ones. Each sthtkeoautomaton is consi-
dered as the initial state of a sub-automaton and is abstragtthe abstraction of this
sub-automaton. Furthermore, we abstract an automatorelsettof transitions it can
make, not taking into account the order in which they are f{iredact, this informa-
tion is only required for liveness orphan detection). Faaraple,b; is abstracted by
(m¥), by by (m¥), by by (mq,m¥) andb; by (m?). Notice that our abstraction uses
intersection, it explains the fact that the typebpfdoes not contain any:s. Indeed,
as {m1, my} is accepted by the automaton, ng; can be in the type for it.

To give a sight of the types calculus for this exemple, welgsand( operators
that won't be defined formally (refer to [COL 97a] and [COL §84+) adds multi-
plicities during the flattening of interfaces afiptakes the minimal multiplicity during
their intersection. The actarof Figure 11 has typeand the computation dffollows
(as messages take no parameters, we omit the ()):
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t=((m1) & t1) M((m2) I 22) t=((ma) & t1) M((mam{))
ti=({(m) & ts) MUma) P 1), ) e =((mami)) M((ma) 1 1)
ta={(m1) tf t2 t2=(m{)
ts=(mq) & t3 t3=(my)

Therefore,mz is not in the left part of the intersection, this allows toadhtet;
value: {mym¥) Mt = (mim4), finally giving: t = ((m2m)) M((m¥mz)) = (m?).
As the main principle of our analysis consists in computioggach name an input
type and a capacity type and in comparing them muti-set senseThe conclusion
is that any program containing the code in Figure 11 and ni@e two sendings of
m, iS rejected. Moreover, the typing of the cell example fromufe 1 show there are
no safety orphans at all by producing:

t. C@(prn(int))
(init(int) get¥(t.) set?(int)) Cp Xme
(init(int) set(int) get?(QYns)) Cme
(Xmes Yme)
{ <Prnw (Znt» Cp Xms
—a_scr: @y, With {  (prn?(int)) Ceoms
O(Xmsi wms)

This type system was shown to be sound for the Calculus ofifravActors (pure
actor ML-AcT programs) by Colaco in [COL 97a]. We are currently extendiirig
ML-A cT following the work of Hughes et al. ([HUG 96]) to build a safpper ap-
proximation of the number of time a function is executed dejireg on its parameters.

—a_cell: Qy,,. with

As it must eliminate all programs where a safety orphan mayQour type sys-
tem is strict. This strictness enforces the following peogming discipline, every
branch starting from a given behavior must contain at leth4h@ messages which
are sent to the actor when it assumes this behavior. Thereddiranch should be an
interleaving of the same message sets. However, thisatstrican be relieved using
a more sophisticated extension of Aiken’s and Wimmers'ltggm algorithm based
on conditional types (JAIK 94]) that we used in a previous won sequential objects
([PAN 94]). This extension has a much higher computationat @and will only be
integrated in our works on Erlang ([ARM 96]) because it regsiimore precise type.

5.2. Related work

Many different studies are currently related to the statialgsis of non-uniform ser-
vice availability.

Following lines proposed by Nierstrasz [NIE 95], PuntigdPUN 96]), Ravara
and Vasconcelos ([RAV 97, RAV 99]), and Najm and Nimour [NAJ BIAJ 99], pro-
pose the use of more sophisticated type abstractions (irtfi@cstructure of their types
is a process calculus). Their work is very promising as thiestractions preserve more
causal relations. However, their type systems rely on eiping and the feasibility
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of type inference is still a conjecture. Given the complesibf the type abstraction
used for concurrent objects and actors, we advocate thet siseuld not be required
to write so complex types (frequently more complex than ttogam itself), and that
type inference should be used. In this purpose, a joint wetkvéen our team and
Ravara has been initiated using a more sophisticated eamistesolution algorithm
than the one evocated in this paper.

The use of multiplicities in the type abstraction of messsegpeding was derived
from the effect system proposed by Kobayashi et al. [KOB 3%le main difference
is that they must consider finite sets of possible valuesaittated by an integei/
0,...,M — 1,w) which represents the accuracy of the analysis in order te ha
terminating algorithm. Our algorithm terminates withohibosing a maximal value.

6. Conclusion and perspectives

We have given in this paper a formal description of a sound system for a realistic
actor based language which features non-uniform behavitwsformal definition of
various kinds of errors such as functional, communicasafety and liveness orphans
have been introduced. This type system detects all furaltiand communication
errors and trivial safety orphans. We have evocated an sixteof this type system
which detects all safety orphans and is currently beingyiatied in our compiler.

The remaining task is to introduce some flexibility in theaat type system. It
is clear that the cost of this flexibility will be that some amcect programs will be
well-typed. One way being studied is to reject programs siaays lead to orphan
messages and to warn the programmer when orphan messagesiseaylo get this
behavior, the approach will combine both systems preseéntiis article.

The second important future goal is the liveness orpharctiete To reach it, we
will follow two different tracks. First, we will use the prie types produced by the
second type system in order to give a necessary conditiowesfdss orphan freedom.
Then, some causality information will be introduced in typéndeed, following the
work of Kobayashi in [KOB 97], actor creation and messagelsgncould be deco-
rated with a time-stamp and ordered by the imbrication ahtstructure. Potential
deadlocks then correspond to cyclic time-stamp chains.

Apart from improving type abstraction and the developmémiib-A cT, we are
currently investigating the application of our analyzeshe Erlang language. This
application should give us access to a huge quantity of tnidlisoncurrent and dis-
tributed code we could confront with our type systems.
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